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ABSTRACT
In  an e f fo r t  to syn th e size  Ga^ ^ ^ In^ A s su rface  la y e r s ,  indium was 
im planted in to  semi in s u la t in g  GaAs w afers a t room tem perature. 
Some samples were im planted w ith  equal doses o f  indium and a rse n ic  
to p reserve  sto ich io m etry .
Rutherford  B ack sca tte rin g  Spectrom etry (RBS) was m ainly used fo r  
c h a ra c te r iz a t io n . Other techniques such as Scanning E le c tro n  
M icroscopy (SEM), Photoluminescence (PL) and Secondary Ion  Mass 
Spectrom etry (SIMS) were a ls o  used.
Indium was found to reach  i t s  s o l id  s o lu b i l i t y  l im it  and to form 
m e ta llic  is la n d s  during  io n  im p lantation  fo r  h igh  doses (4 x l0 4  ^
cnT^ and 2x10^  cnf"% w ith  io n  energ ies o f 280 keV and 100 keV 
r e s p e c t iv e ly ) . The maximum observed co n cen tratio n  o f indium  
re ta in ed  in  GaAs was found to  be about 3x1024 cm"”8 .
Some indium o u td iffu sed  and was lo s t  due to io n  sp u tte r in g .
N eith er rap id  therm al annealing  using  a double graphite  s t r ip  
h eater nor furnace annealing  or a combination o f  both could  
in co rp o rate  s u b s t it u t io n a l ly  a l l  o f  the re ta in e d  indium in  GaAs. 
During ra p id  therm al annealing  some indium o u td iffu se s  but i s  
prevented from evaporating  by the encapsu lant. As a consequence, a 
la rg e  amount o f indium i s  accommodated near the su rfa c e . On the 
other hand furnace annealing  causes in d if fu s io n  and indium i s  
d is t r ib u te d  throughout the b u lk . M e ta llic  is la n d s  o f indium were 
d isso lv e d  in  h y d ro flu o r ic  (HF) a c id  w h ile  removing the  
en cap su lan t.
- 6 -
Most re ta in e d  indium became s u b s t itu t io n a l when a rse n ic  and indium  
were im planted in  the same sample. The maximum indium that became 
s u b s t itu t io n a l was found to be about 1.2xlO^Xcn f ^  fo llow ing  an 
anneal a t  650°C fo r  one hour p lu s 920°C fo r  30 seconds.
E le c t r i c a l  measurements showed that when selenium  was implanted  
in to  such p re v io u s ly  dual implanted GaAs, a h ig her e le c tro n  
co n cen tratio n  could be ach ieved  compared to s in g le  im plants o f  
selenium  in  GaAs. A maximum e le c tro n  con cen tratio n  o f about 
6 x l01 c^m“  ^ was obtained fo r  the sample annealed a t 650°C fo r  one 
hour p lu s  960°C fo r  30 seconds.
Both H a ll  e f fe c t  and RBS showed that the Si^N^ encapsulant could  
w ithstand  annealing  c y c le s  up to at le a s t  950°C fo r  30 seconds or  
800°C fo r  2 hours.
-  7 -
CHAPTER 1 : INTRODUCTION
In  t h is  ch ap ter, the aim o f  the present re se a rch  and i t s  
importance in  in te g ra te d  c i r c u i t  technology and o p to e lectro n ics  
w i l l  be d iscu ssed . The methods used to sy n th esize  GalnAs su rface  
la y e r s  onto se m i- in su la t in g  GaAs grown by L iq u id  Encapsulated
C z o ch ra lsk i (LEC) and the experim ental techniques used to
c h a ra c te r iz e  the samples w i l l  be b r ie f ly  d escrib ed . Chapter two
d e scr ib e s  experim ental techniques and sample p rep aratio n . Chapter 
th ree  g ives  an account and a d iscu ss io n  o f the experim ental
r e s u l t s .  Chapter four a n a ly se s  the conclusions th a t can be drawn 
from the p resent p r o je c t , the problems re la te d  to i t  and the  
d ire c t io n s  fo r  fu tu re  work.
1 .2  Aim o f p ro je c t
The aim o f  the p ro je c t  i s  to  syn th esize  G a ^ ^ In ^ A s  (x=InAs mole 
fra c t io n ,0 < x < l)  su rfa ce  la y e r s  onto se m i-in su la tin g  GaAs by io n  
im p lan tatio n  a t  room tem perature.
I d  Report Outline
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1 .3  Importance o f the sy n th e s is  o f GalnAs su rface  la y e rs  on GaAs 
su b stra te
Indium can improve the p ro p e rtie s  o f semi in s u la t in g  GaAs in  
s e v e ra l ways, a ) Tern ary  I I I - V  m ixed -crysta l systems have 
a ttra c te d  much in t e re s t  fo r  use in  o p to e le ctro n ic  d e v ic e s . One 
p o te n t ia l ly  important system i s  Ga (i_ .x ) I n ^ s ,  which has a d ire c t
band gap fo r  a l l  va lu es o f x , the InAs mole f ra c t io n . I t s  room
temperature band gap can be ad justed  from 1.425 eV (0 .87  yum) to  
0 .36  eV (3 .4  yum) by vary in g  x from 0 to 1 . E lectro lu m in escen t  
d ev ices em itting  a t  wavelengths longer than 1 yum, and p a r t ic u la r ly  
in  the 1 .3  and 1 .5  yum lo w -lo ss  window^^ o f o p t ic a l f ib e r
communication system , are  th ere fo re  p o ss ib le .
Ga^i-x ) In x;As lig h t-e m itt in g  diodes (LED ,s) and la s e r s  have been
fa b ric a te d  p re v io u s ly  from d iffu se d  bu lk m a t e r ia l^  as w e ll as
from both vap o u r^ ”©) and liq u id ^ ""1^  phase e p it a x ia l  la y e r s . In
the la t t e r  ca se , the la rg e  la t t i c e  mismatch between
§GaAs(a0=5.653A) which i s  commonly used as su b stra te  m a te r ia l, and
o
Ga( l - x ) ln x^s ( ao=6.057A fo r  x = l) has req u ired  th at com positional 
grading be used to obta in  good c r y s t a l  q u a l it y .  In  the case o f  
growth from the vapour phase continuous grading has been employed 
su cce ssfu lly ^  ) .
I t  has been shown th at sim ple stepw ise com positional grading can  
be used to fa b r ic a te  e f f ic ie n t  LED s tru c tu re s  operating  near 1 .05  
yum ( x =0 .1 5 + 1G£  Nahory e t a l^ 11  ^ d escribed  in  d e t a i l  the LPE  
growth and p ro p e rtie s  o f the Ga(©-.x ) In xAs, w ith  x in  the range 0 -  
0 .1 5 , th a t was used to fa b r ic a te  these d e v ic e s .
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b) A 2-3 in ch es diam eter w afer o f semi in s u la t in g  GaAs has a 
d is lo c a t io n  d e n s ity  o f between 104 and 108 cm” 2 ? the thresho ld  
vo ltag e  Vtk  in  f ie ld  e f fe c t  t r a n s is to r s  (FET) on such w afers i s  
non uniform  and depends on the d istan ce  o f the t r a n s is t o r s  from 
the d is lo ca tio n ^ 12’ 18) . There i s  some evidence th at the ad d itio n  
o f a few percent o f  indium during growth (about lx l0 2dcn f8) 
reduces the d is lo c a t io n  d e n s ity  by s e v e ra l o rders o f  
magnitude^44’ 48) .  T h is  red u ctio n  o f the d is lo c a t io n  d e n s ity  
improves the u n ifo rm ity  o f the thresho ld  vo ltag e  o f  f ie ld  e f fe c t  
t r a n s is t o r s  on the GaAs w a f e r s .
S tu d ies o f  the e le c t r i c a l  p ro p e rtie s  o f selenium  im plants in  GaAs 
and GalnAs^47’ 48) have shown GalnAs to be su p e rio r to GaAs as  
selenium  becomes h ig h ly  a c t iv a te d  a t annealing  temperatures o f  
800°C in  GalnAs^17) ,  but tem peratures o f about 1050°C are  req u ired  
fo r  im plants in to  GaAs^48) .
The sy n th e s is  o f Ga-^^Al^As and GaAl£_x Px onto GaAs by im planting  
A l*  and P+ has been reported^9>20). j n these s tu d ie s , 
cathodoluminescence was used to in v e st ig a te  im planted GaAs. I t  was 
found by Kuznetsov^1^) th at lum inescent im planted la y e rs  could be 
obtained by im planting  a t  tem peratures o f 350-400°C follow ed by 
annealing  a t  850-900°C or by im planting a t 500°C w ithout fu rth e r  
annealing . B e ly i^ 2^) reported  th at Ga(£„x )A lxAs w ith  x=0.25 (which  
was 1 .4  tim es le s s  than the ca lc u la te d  va lue  x=0.35) could  be 
obtained a f t e r  hot im p lan tatio n  treatm ent a t tem peratures o f 420- 
500°C.
- xo -
1 .4  Methods o f sy n th e siz in g
To syn th e size  G aQ _x ) In xAs su rfa ce  la y e r s ,  indium i s  im planted  
in to  a GaAs su b stra te  a t  room tem perature. The sto ich io m etry  i s  
preserved by im planting a rs e n ic  in to  the same w afer. In  order to  
in co rp o rate  im planted indium and remove the damage caused by ion  
im p lan tatio n , annealing i s  req u ired . Rapid therm al annealing  using  
a dual g raph ite  s t r ip  h e a te r  and annealing  in  a furnace or a 
combination o f  these two annealing  techniques i s  used. To avoid  
the decomposition o f GaAs and the evaporation o f  implanted atoms, 
a sigis^iayeror a dual SiqN^ and AIN encapsulant i s  deposited  on 
im planted samples before  ann ea lin g .
1 .5  Methods o f c h a ra c te r iz a t io n
Rutherford  B ack sca tte rin g  Spectrom etry (RBS) i s  m ain ly used fo r  
c h a ra c te r iz a t io n . T h is  technique i s  su ita b le  not o n ly  to study the 
damage caused by io n  im p lan tatio n , but a lso  to study indium  
d is t r ib u t io n  and to measure the q u a n tity  o f incorporated  indium in  
the im planted la y e r s .  T h is  i s  p o ss ib le  because indium i s  h e a v ie r  
than both g alliu m  and a r s e n ic , th ere fo re  a c le a r  s ig n a l due to  
indium can appear on the RBS spectrum. Hence one can study indium  
implanted GaAs samples in  v a r io u s  c r y s t a l  o r ie n ta t io n s . In  the  
random d ire c t io n , a l l  o f the indium atoms can be measured and the  
experim ental p r o f i le s  can be compared to c a lc u la te d  p r o f i le s  
(u sin g  P ro jected  Range A lgorithm  (PRAL)(^-0 ancj SUSPRE^22) )  to  
in v e st ig a te  the p o s s ib i l i t y  o f  indium having been sputtered  o r  
having reached i t s  s o l id  s o lu b i l i t y  l im it  during io n  im p lan tatio n . 
In  the ch an n e llin g  d ir e c t io n , the n o n -su b stitu tio n a l indium atoms
_ 1 1  -
The H a ll e f fe c t  technique i s  used to study the q u a lity  o f the  
G a^ ^ ^ Ir^ A s la y e rs  in  terms o f  c a r r ie r  con cen tratio n  (n ) and 
m o b ility  (p .). In  order to make t h is  e le c t r i c a l  study p o ss ib le , an 
n-type dopant (selenium ) i s  a ls o  implanted in to  the G a ^ .^ In ^ A s  
la y e rs  s in ce  indium i s  not a dopant in  GaAs (indium  occupies 
g alliu m  s i t e s ) .
Scanning E le c tro n  M icroscopy (SEM) i s  used to in v e st ig a te  the  
p o s s ib i l i t y  o f  indium forming indium is la n d s  in  GaAs and the  
e f fe c t  o f  HF a c id  during d is s o lu t io n  o f the encapsu lant. 
Photoluminescence (PL) can be used to study the damage caused by 
ion  im p lantation  and to  measure the band gap o f the syn th esised  
G a ( i-x )InxA s i f  the im planted atoms are  incorporated  in  GaAs. 
Secondary Ion Mass Spectrom etry (SIMS) a n a ly s is  i s  used to study  
indium p r o f i le s  p a r t ic u la r ly  fo r  indium con cen tratio n  e ith e r  low  
(below 5 x 1 cm”2) or f a r  away from the su rfa c e . SIMS may be used  
to check i f  there  i s  any contam ination due to other non d e s ira b le  
elem ents having entered the w afer during ion  im p lan tatio n .
can be measured.
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Ion  im p lantation  i s  a w e ll e sta b lish e d  method fo r  in tro ducing  a 
range o f im p u rit ie s  in to  s o l id  m a te r ia ls  in  the reg ion  near to the  
s u rfa ce . I t  can provide co n tro l o f im p u rity  concentration  and 
p r o f i le ,  good r e p r o d u c ib il ity  and h igh y ie ld .  The advantages o f  
ion  im p lantation  over d if fu s io n  are  as fo llo w s.
F i r s t l y ,  h igh  tem peratures a re  req u ired  fo r  d if fu s io n  p ro cesses, 
w h ile  io n  im p lantation  o n ly  re q u ire s  e levated  tem peratures fo r  a 
r e la t iv e ly  short time during  annealing , to remove the damage
caused by im p lan tatio n . Secondly, the la t e r a l  spread o f ion  
im p lantation  i s  co n sid erab ly  lower than th at o f d if fu s io n , which  
r e s u lt s  in  more accu rate  co n tro l o f the im planted area/volum e. 
Fu rth er advantages o f  ion  im p lantation  over d if fu s io n  are  th at a 
g reate r v a r ie t y  o f im p u rit ie s  can be used and a h ig her
co n cen tratio n  o f the dopants can be introduced in  ion  
im p lan tatio n . L a s t ly ,  the atom ic concentration  and depth can be 
co n tro lle d  w ith  more p re c is io n  in  ion  im p lan tatio n .
Two io n  im p lanters o f the U n iv e rs ity  o f Surrey  were used, a 500 
keV machine and a 400 keV machine. The former was m ostly  used, the
la t t e r  was used in  order to  obta in  a h ig h er beam cu rren t o f
indium .
CHAPTER 2 : EXPERIMENTAL TECHNIQUES
2 .1  Io n  im p la n ta tio n
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2 .1 .1 .  Ion im planter
A schem atic diagram o f an io n  im planter i s  shown in  f i g . 2 .1 .
A N e ilse n  source i s  used to generate io n s in  the 500 keV 
a c c e le ra to r . The io ns are  e x tra cted  through an aperture in  order 
to form an io n  beam, th e re fo re  a DC negative vo ltag e  e lectro d e  i s  
placed  in  fro n t o f the ion  so u rce . The ion  beam i s  focussed by an 
e le c t r o s t a t ic  E in z e l le n s  which i s  p laced between the ion  source  
and the a c c e le ra to r  tube. The ions are a cce le ra te d  in  the 
a c c e le ra to r  tube by an e le c t r i c  f ie ld  produced by applying vo ltage  
acro ss  a ch a in  o f  r e s i s t o r s .  The acce le ra ted  io n s  are  a m ixture o f  
d if fe r e n t  f ra c t io n s  o f m olecules and iso to p es o f  the source feed 
m a te r ia ls . In  a d d itio n , there  e x is t  some ions which are  created  by  
sp u tte rin g  from the w a lls  o f the tube or by io n iz a t io n  o f re s id u a l  
g ases. The sep aratio n  o f the req u ired  isotope i s  done w ith  the 
mass an a ly s in g  magnet.'W hen an ion  t r a v e ls  through a magnetic 
f ie ld  i t  experiences the Lo ren tz  fo rce  and changes i t s  d ire c t io n  
depending on i t s  mass. A fte r  mass sep ara tio n , io n s are  passed  
through a s l i t  which can be ad justed  to a llo w  o n ly  the req u ired  
io n s . The io n  beam cu rre n t i s  scanned in  the v e r t ic a l  and 
h o riz o n ta l d ire c t io n  on the sample to ensure uniform  doping. The 
scanning i s  done by app ly ing  a t r ia n g u la r  waveform app lied  to a 
se t o f X and Y e le c t r o s t a t ic  d e f le c t io n  p la te s . The freq uencies o f  
AC s ig n a l are  ad justed  to  ensure uniform scanning over the sample. 
A DC vo ltag e  i s  superimposed on the scanned s ig n a l to a lig n  the  
beam. The scanned beam i s  lim ite d  by an a p ertu re . Behind the 
a p ertu re , the sample i s  p laced  on the metal ta rg e t ho lder in s id e  a 
chamber which i s  pimped down to  le s s  than 10” 3t o r r .
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The sample i s  in  good e le c t r i c a l  contact w ith  the targ et h o lder  
which in  tu rn  i s  connected to a cu rren t in te g ra to r . E le c tro n s  pass  
through the in te g ra to r  and n e u tra liz e  the im planted charge Q. The 
measured charge can be used to  f in d  the doses o f im planted io n s by 
using  N=Q/eA, where e i s  the e le c t ro n ic  charge and A i s  the area  
o f the aperture  in  fro n t o f sample h o ld e r . The dosim etry i s  
a ffe c te d  by secondary e le c tro n  em ission as a r e s u lt  o f  the io n s  
im pinging on to the ta rg e t m a te r ia l. To prevent e le c tro n  em ission  
from the sample, a suppression  vo ltag e  o f -300 v o lt s  i s  ap p lied  to  
a p la te  p laced  in  fro n t o f the sample.
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fig 2.1 : Ion Im planter
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2 .1 .2  B a s ic  p r in c ip le s  o f  io n  im plantation
When an io n  e n ters  a s o l id  i t  slows down and comes to r e s t  a t  a 
depth which i s  a fu n ctio n  o f the io n  energy and o f the atomic 
masses o f both the io n  and the ta rg e t atoms. The io n s lo se  t h e ir  
energy in  two ways: by e x c ita t io n  and io n is a t io n  o f e le c tro n s  and 
by e la s t i c  c o l l i s io n s  w ith  ta rg e t n u c le i .  To a good approxim ation, 
these may be regarded as independent p ro cesses so th at the l in e a r  
ra te  o f energy lo s s  i s  g iven by the sum o f  two co n tr ib u tio n s: 
e le c t ro n ic  stopping and n u c le a r  stopping (F ig  2 .2 a ) . Thus, as a 
h ig h  v e lo c it y  io n  e n te rs  a s o l id ,  i t  i s  slowed down by e le c t ro n ic  
stopping i n i t i a l l y ,  but as i t s  v e lo c it y  decreases n u c lea r stopping  
becomes predominant u n t i l  the io n  comes to r e s t .  The co n trib u tio n  
o f  e le c t ro n ic  stopping to l a t t i c e  damage i s  v e ry  sm a ll. In  
c o n tra s t , n u c le a r  stopping can cause severe  damage to c r y s t a l l in e  
ta rg e ts  and, in  the extrem e, the su rface  la y e r  can become 
amorphous. In  an amorphized m a te r ia l the atom ic p r o f i le  o f most 
im plants i s  approxim ately G aussian  in  shape. The depth a t which  
the atomic co n cen tratio n  i s  a t  a peak i s  known as the p ro jected  
range Rp ( f ig  2 .2 b ) . A m athem atical equation o f  the p r o f i le  o f the  
im planted atoms i s  g iven  by:
N,
N(x)= exp -
(x-Rp)
- 17
where A. Rp i s  the standard  d ev ia tio n  o f the range, x i s  the  
depth, Nx i s  the co n cen tratio n  a t  a depth x and Nd i s  the number 
o f im planted ion  per u n it  a re a , known as the dose. Rp and A R p  may­
be c a lc u la te d  u sin g  the P ro jected  Range Algorithm  (PRAl / 24) fo r  
the amorphous la y e r s .  In  c r y s t a l l in e  ta rg e ts , the p r o f i le  depends 
on the o r ie n ta t io n  and ro ta t io n  o f the s in g le  c r y s t a l  su rface  
s in c e  i f  the ions are  im planted p a r a l le l  to  a major a x is  or p lan e , 
some w i l l  penetrate  to  a g re a te r depth by ch a n n e llin g . To reduce  
the e f fe c t  o f ch an n e llin g  in  s in g le  c r y s t a ls  the sample i s  
norm ally  t i l t e d  7° to i t s  normal a x is .  Other parameters may a f fe c t  
the p r o f i le  co n s id era b ly  l i k e  io n  beam c u rre n t , su b stra te  
tem perature and sp u tte r in g . A d e ta ile d  d e sc r ip t io n  o f ion  
im p lan tatio n  i s  g iven  by Mayer e t a l / 28) ,  by Townsend e t a l / 24) 
and by R y s s e / 28) .
F ig  2 .2 a : As ion  e n te rs  s o l id  i t  i s  slowed down by e le c t ro n ic  and 
n u c le a r  stopping: a t  low v e lo c it ie s  n u c le a r stopping becomes
predominant.
-  18
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F ig  2 .2 b : A t y p ic a l  th e o r e t ic a l depth d is t r ib u t io n  o f implanted  
atoms showing average range Rp and h a lf  width A  Rp.
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2 .1 .3  Surrey  U n iv e rs ity  Spu tter P r o f i le  (SUSPRE)
SUSPRE was developed by Webb^ 2 +  T h is  computer sim ulation  can  
c a lc u la t e : F i r s t l y ,  the im plant range of the io n , the f i r s t  two 
moments o f d is t r ib u t io n  are  found. Secondly, the energy d eposition  
p r o f i le  from the im plant p r o f i le .  T h is  p r o f i le  a lso  y ie ld s  the ion  
induced damage p r o f i le .  T h ird ly , the sp u tte rin g  y ie ld  and hence 
ero sio n  r a t e . High dose p r o f i le s  a re  created  along the l in e s  of  
the d iso rd er p r o f i le s  in  th a t an attempt has been made to a llo w  
fo r  the e f fe c t  o f s a tu ra t io n , sp u tte rin g , sw e llin g  and target  
d e n s ity  changes during im p lan tatio n .
At low doses r e s u lt s  g ive  the concentration  p r o f i le  o f the im plant 
and l i t t l e  o f  the above mentioned e f fe c t s  a re  n o tice a b le . I t  i s  
assumed th at the im plant can o n ly  he incorporated  in  the targ et up 
to some s o lu b i l i t y  l im it  and then subsequent im plantation  r e s u lt s  
in  the lo s s  o f  im planted io n s .
Sputtering  ra te  & s o l id  s o lu b i l i t y  are  v a r ia b le s  in  SUSPRE. These 
va lu e s  a re  ad ju sted  to g ive  a th e o re t ic a l p r o f i le  which can be 
compared to experim ental d ata .
2 .2  Rutherford  B ack se atte rin g  Spectrom etry (RBS)
RBS i s  a powerful method fo r  the a n a ly s is  o f su rfa ce s  or o f the 
reg io n  near to  the su rfa ce  o f s o l id  m a te r ia ls .
In  a t y p ic a l  experim ental arrangement a beam o f en erg etic  He* 
p a r t ic le s  i s  f i r e d  in to  a chamber contain ing  the ta rg e t mounted in  
a goniometer. The p ressu re  i s  reduced to le s s  than 10~8 to r r  to 
prevent lo s s  o f beam by s c a tte r in g  w ith  surrounding gas atoms. 
A fte r  s t r ik in g  the ta rg e t , some o f the beam i s  sca tte re d  and the 
p a r t ic le s  sca tte re d  w ith in  a p a r t ic u la r  s o l id  angle are  detected  
u sin g  a s o l id  s ta te  d e te c to r , mounted w ith in  the chamber, as  shown 
in  f i g . 2 .3 .
F ig :  2 .3
f o .  
F ro m  
V a n  d e  
G r a a f f
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The goniometer a llo w s the ta rg e t to be moved along the v e r t i c a l  
a x is  and to  have two t r a n s la t io n  angles w ith  re sp e ct to the beam 
so th a t , fo r  s in g le  c r y s t a l s ,  the beam can he a lig ned  w ith  a 
ch a n n e llin g  d ire c t io n  or .m isaligned to a random d ire c t io n .
He* p a r t ic le s  not sc a tte re d  a t the su rfa ce  lo se  energy by  
in e la s t i c  p ro cesses as they pass through the la t t i c e  before  
c o l l id in g  e l a s t i c a l l y  w ith  ta rg et atoms a t some depth below the  
s u rfa c e . A fte r  c o l l i s io n  they again  lo se  energy in e la s t i c a l l y  as  
they come to the s u rfa c e . Only a f ra c t io n  o f b ackscattered  
p a r t ic le s  i s  d etected ; these p a r t ic le s  can be analysed  to provide  
in form ation  about d e n s ity  and depth d is t r ib u t io n  o f targ et atoms. 
In  the p resen t stud y, the U n iv e rs ity  o f  S urrey  2 MeV Van de 
G ra a ff  a c c e le ra to r  was used fo r  RBS a n a ly s is .  A beam cu rren t o f  
between 5 and 10 nA was used . The energy re s o lu t io n  o f t h is  system  
i s  13keV f u l l  w idth h a l f  maximum (FWHM), determined by the  
re s o lu t io n  o f the su rfa ce  b a r r ie r  d e te cto r . The s c a tte r in g  angle  
i s  f ix e d  a t  160° and the d etecto r s o l id  angle i s  about 2.25  
m il l is t e r a d ia n s .
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Before the beam reaches the sam ple, some p a r t ic le s  h i t  a four  
vaned w ind m ill (chopper) ro ta t in g  a t  about 4Hz. The r e s t  s t r ik e s  
the sam ple. B ackscatte red  p a r t ic le s  from the chopper and the  
sample a re  detected  by two d if fe r e n t  s o l id  s ta te  d etecto rs  and the 
p u lse s  from them processed  s e p a ra te ly . When the b ackscattered  
p a r t ic le s  from the sample s t r ik e  the rev e rse  b iased  d e te cto r , 
e le c tro n -h o le  p a ir s  are  generated in  the d ep letio n  w idth and are  
swept away by the e le c t r i c  f i e ld .  The generated charge p u lse s  are  
fed  in to  a p re a m p lif ie r  which produces an output vo ltag e w ith  
am plitude p ro p o rtio n a l to input charge p u lse  and input p a r t ic le  
energy. The input then p asses to  the main a m p lif ie r , where fu rth e r  
a m p lif ic a t io n  and shaping o f the p u lse s  takes p la c e . The shape o f  
the p u lse s  i s  n e a r ly  G au ssian . These p u lses  can be observed u sin g  
an o s c illo sc o p e  and a re  fed  to an analogue to  d ig it a l  co n verter  
(ADC). The p u lses  a re  then re g is te re d  in to  a computer 
(m u ltich annel a n a ly se r  o r PDP11) a t  a lo ca t io n  depending on the  
h e ig h t o f  the p u lse s . These lo c a t io n s  are known as ch annels. The 
t o t a l  number o f the channels in  the system i s  512 w ith  about 4 
channels re s o lu t io n . The f in a l  v e rs io n  o f  the RBS spectrum i s  
p lo tte d . The RBS spectrum c o n s is t s  o f  number o f counts ag a in st  
channel number.
2 .2 .1  RBS system
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2 .2 .2 .  Theory o f RBS
RBS theory  i s  v e ry  complex and can o n ly  be g iven  sch e m a tica lly  
h e re . Fo r a d e ta ile d  d isc u ss io n  see C lu /2**). The most important 
b a s ic  p h y s ics  concepts a sso c ia te d  w ith  RBS technique are  now 
d escrib ed . The f i r s t  im portant id ea  i s  concerned w ith  the energy  
t ra n s fe r  from a p r o je c t i le  to  a targ et n ucleus in  an e la s t i c  
b in a ry  c o l l i s io n .  T h is  p ro cess le ad s  to the concept o f k inem atic  
fa c to r  and to the c a p a b i l i t y  o f  mass p ercep tio n . The k inem atic  
fa c to r  i s  c a lc u la te d  by app lying  the p r in c ip le  o f  conservatio n  o f  
energy and momentum o f  an e la s t i c  c o l l i s io n  o f  two masses M£ and 
M2 and hence i s  g iven  by:
MjCoaO
♦ m2
where E i s  the b a ck sca tte re d  energy a t  the su rfa c e , Eo i s  the  
i n i t i a l  energy and 0 i s  the s c a t te r in g  ang le .
- 24 -
The p ro b a b ility  o f  such a c o l l i s io n  o ccurrin g  lead s  to the concept 
o f s c a t te r in g  c ro ss  s e c t io n  and to the c a p a b il it y  o f q u a n tita t iv e  
a n a ly s is  o f  atomic com position . Tn order to  r e la t e  the number o f  
d etected  p a r t ic le s  to the number o f in c id e n t p a r t ic le s  one must 
co n sid er the s c a t te r in g  c ro ss  se c t io n  C* and the s o l id  angle d O  
o f the d etecto r in  u se . Hence the number o f detected  p a r t ic le s ,  A, 
i s  g iven  by:
A = ^ .d  5 1  .Q .N t.
where Q i s  equal to the number o f in c id en t p a r t ic le s  and Nt i s  
equal to the number o f  ta rg e t atoms per u n it  a re a , 
d l l  can be found by co n sid erin g  the Rutherford  formula which i s  
based upon the p r in c ip le  o f  energy and momentum co n servatio n . I t  
i s  assumed th a t the fo rce  a c t in g  between p a r t ic le s  and ta rg e t  
atoms i s  Coulombic re p u ls io n . Thus i t  may be shown th a t :
do-
d a
z l z 2e
4E
x
S i n 4 ©
x
{ [ l - ( ( M l / M 2 ) S i n © )2 ]^+ C o s ©J2 
[ l - ( ( M x /M2 ) S in  © )2 ]^
The average energy lo s s  o f an atom moving through a dense medium 
g iv e s  r i s e  to the concept o f  stopping cro ss  se c t io n  and to the  
c a p a b i l i t y  o f  depth p ercep tio n . When the beam t r a v e ls  through the  
ta rg e t  i t  slow s down and i t s  k in e t ic  energy d ecreases. dE/dx i s  
the energy lo s s  o f  p a r t ic le s  through a th in  la y e r  and depends on
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the th ick n ess  x  o f the la y e r  and on the energy o f the p r o je c t i le  
p a r t ic le s  a t  a g iven  moment (w hich i s  i t s e l f  a fu n ctio n  o f x ) .
The stopping c ro ss  s e c t io n  C  i s  defined  by the expression  g iven  
below:
C =(dE/dx) (E )
The energy lo s s  o f  p a r t ic le s  in  a th in  f i lm  o f  th ickn ess x  
( f i g . 2 .4 )  may be found by the sim ple exp ression  g iven  below:
A e =k e 0- e 2=[s ]x
where A. E i s  the energy d iffe re n c e  between p a r t ic le s  that are  
sca tte re d  from the su rfa ce  and from a depth x . [S] i s  the energy 
lo s s  fa c to r  and may be c a lc u la te d  using  the fo llo w in g  exp ressio n :
Qs3 =
dE
Cos©, dx
+-
CO30-
(Surface energy approximation)
where ©^ i3 angle of incidence 
©2 ia angle of emergence 
d£
dE
dx KE
ia energy I033 per unit length
dx
f '« s  s . -
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2 .2 .3  Height o f RBS spectrum , atom ic range and concentration  
A t y p ic a l  RBS spectrum and a t y p ic a l  a lig n ed  spectrum are  shown in  
f i g . 2 . 5a and 2.5b r e s p e c t iv e ly . The q u an tity  o f im purity  (indium  
in  the present study) and i t s  depth d is t r ib u t io n  are  determined by 
the fo llo w in g  e x p ressio n s:
CE
Indium concentration( cm ) = ----
m
‘GaAs
’In
tin
HGaAa
Indium concentratlonC cm 3 ) = NGaAa
GaAa
tin
•In
GaAs
[sj ia loaa atopping factor ( KeV/atoma cm”2 )
ZGaAs ancl 2In are atotnic numbers of GaAa and indium respectively 
is the number of counts due to indium atoms 
HGaAa i3 the GaAa yiel-d in random direction
NGaAs is GaAs atomic density( 4.42 X 1022 cm”3 )
&  1 3  energy channel width ( KeV )
The .h id™ ., o f  the Indio. T.feo , „ .  - J * ______
[ S K . A S
The su rfa ce  energy approxim ation i s  used to measure [ S ] ; i t  i s  a 
good approxim ation as the th ick n ess  o f the indium la y e r  i s  le s s  
than 2000A.
There a re  two k in d s o f  e rro r  invo lved  in  the measurement o f a re a l
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Counts
fig S .5 b
C h a n n e l
d e n s ity  and atomic co n cen tra tio n , s t a t i s t i c a l  e rro r  +^J n , where n 
i s  the number o f counts and background e r r o r . T h is  can be 
su btracted  by measuring counts between channel 460 to 480, but i s  
sometimes ve ry  low and can be neg lected .
The number o f incorporated  indium atoms i s  found by measuring the 
q u a n tity  o f indium in  the ch an n e llin g  and random d ire c t io n s  and by 
using  the fo llo w in g  exp ressio n :
F= [ 1-Xmin( im purity) ] / ( l - X ^ )
where F  i s  the percentage o f s u b s t itu t io n a l atoms and XmXn i s  the  
percentage r a t io  o f the minimum y ie ld  o f GaAs in  the ch an n e llin g  
spectrum to the minimum y ie ld  o f GaAs in  the random spectrum.
2 .3  H a ll  e f fe c t  technique
The H a ll e f fe c t  technique can g ive a measure o f the io n  
im p lantation  process as long as the im planted io ns become 
e l e c t r i c a l l y  a c t iv e . T h is  technique a llo w s the study o f the  
p r o f i le  o f e le c t r i c a l l y  a c t iv e  atoms and g ives  a measure o f  
c a r r ie r  co n cen tratio n , m o b ility  and r e s i s t i v i t y  o f im planted  
la y e r s .  H a ll e f fe c t  technique measurements are  taken according to  
Van der Pauw’ s p r in c ip le . ( 27) The p r in c ip le  s ta te s  th at the  
s p e c if ic  r e s i s t i v i t y  o f  a sample can be measured i f  the co n tacts  
are  s u f f ic ie n t ly  sm all and lo ca ted  a t the circum ference o f the  
sample and i f  the sample i s  homogeneous in  th ick n e ss  and i s  s in g ly  
connected, i . e .  i t  does not have is o la te d  h o le s . The contact
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requirem ent i s  f u l f i l l e d  by design ing  samples in to  c lo v e r  le a f  
shapes, as  shown in  f ig  2 .6 .
F i g . 2 .6 : C lo ver le a f  shaped sample
The sheet r e s i s t i v i t y  o f  such a sample i s  g iven by:
p = , 71 - Bab.cd * Bbc,da f  (1)
s d ln2 2
where d i s  the sample th ick n ess  and Rab cd i s  g iven by  
Rab ,cd =Vcd /Iab  3X1(1 f  l s  the co rre c t io n  fa c to r  and i s  given by
^ab,cd "■ ^bc,da 
^ab,cd + ^bc,da
-  30 -
expCln 2/f)
= f arc Coah —■■■• ■    (2)
In  the id e a l case Rab srd=Rbc da* Ttie H a ll c o e f f ic ie n t  RH can be 
measured from the d iffe re n c e  in  w ith  and w ithout a magnetic
f ie ld  normal to  the su rfa c e .
d. A GRb(^ ac rh
Rjj _ _ .....    1 *** (3) • ”^2 s    •••(4)
The volume c a r r ie r  co n cen tratio n  ny and volume m o b ility  j i y  and 
re s is ta n c e  R can be measured by s tr ip p in g  the im planted la y e r s .  
T h is  i s  achieved by e tch in g  in  (1 :1 :1 2 5 ) .
The etched depth i s  measured by a Rarik-Taylor-Hobson T a ly  step  
w ith  about-±-5% e r r o r . I f  the c a r r ie r  concentration  v a r ie s  w ith  
depth, the H a ll  c o e f f ic ie n t  RH can be expressed in  terms o f the  
average va lu e  by summation o f the c a r r ie r  concentration  n£ and 
m o b ility  j.i £ in  i t4* la y e r  o f  th ick n ess  d / 28’ 2^) provid ing  th at  
there  are  no c ir c u la t in g  cu rre n ts  and that H a ll and co n d u ctiv ity  
m o b ilit ie s  in  the i ^  la y e r  are  the same .
rh =
1 I j l
•<X?1I
pi di 
Pi di
•(5)
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and the c o n d u c t iv ity  i s  exp ressed  a s :
e
a= ( _  ) © n  dj_ .............. „
R„ -1
H = *   ...----   (7) and P = ( (7 d )  -*{8)
US d S
where Rgg, ( fi.) & C17) a r e  the sheet H a ll c o e f f ic ie n t  and sheet 
r e s i s t i v i t y  and c o n d u c t iv ity  r e s p e c t iv e ly .
The H a ll  m o b ility  can be obtained e ith e r  in  terms o f the H a ll  
c o e f f ic ie n t  Rjj and r e s i s t i v i t y  or in  terms o f  sheet H a ll  
c o e f f ic ie n t  Rgg and sheet r e s i s t i v i t y .
( 9)
(where Rjj= d Rgg, p = df^)
HS
The c a r r ie r  co n cen tratio n  can be c a lc u la te d  as fo llo w s :
n =
aR.,
or n, s 3 eR (10)HS
where r  = P-jj/P- i s  the s c a t te r in g  fa c to r  and i s  assumed to be 
equal to 1 fo r  G a A s^ l» 3 2 )e
A more accu rate  va lu e  o f c a r r ie r  concentration  n may be obtained  
from combination o f s t r ip p in g  techniques and H a ll  e f fe c t
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measurements a s  d iscu ssed  by Johansson e t a l^ 00) .  The c a r r ie r  
co n cen tratio n  n and m o b ility  p. can be found from:
^RHS^i+*1  2
( P ta  i
and
1
C p ) 28 1 -f-1
= a ni /*! di   (11)
s a n
^ > i + 1
l/1! d l (1 2)
giving
A
1
A
Pa ii
a d
1 / 1
(13)
As the cu rren t passes between two co n ta c ts , the vo ltage i s  
measured a cro ss  the o ther two. The measurement i s  repeated fo r  the  
same p o in ts  in  the presence o f  a m agnetic f i e ld .  A th ird  vo ltag e  
measurement i s  taken , w ithout magnetic f i e ld ,  between two other  
p o in ts . These th ree  v a lu e s  a re  s u f f ic ie n t  to measure the  
r e s i s t i v i t y ,  m o b ility  and c a r r ie r  co n cen tratio n . To obtain  more 
a ccu ra te  r e s u lt s  (e r ro r  can a r is e  due to  s l ig h t  r e c t i f ic a t io n  in
-  3 3  -
one d ire c t io n  and p o ss ib le  misalignment o f the sample) tw elve  
v a lu e s  a re  measured by p assin g  cu rren t in  the opposite d ire c t io n  
and by re v e rs in g  the magnetic f i e ld .  A ll  p o ss ib le  arrangements are  
shown in  ta b le  1 ; these v a lu e s  are  fed in to  a computer which  
c a lc u la te s  the va lu e s  fo r  sheet H a ll c o e f f ic ie n t  (Rpg), sheet 
r e s i s t i v i t y  ( P ) ,  sheet c a r r ie r  concentration  ( ti ) and sheet8 S
m o b ility  ( jut  ^ u sing  equations ( 1 ,4 ,9 ,1 0 ) .  The H a ll e f fe c t
measurements were taken from the system shown in  the diagram  
below:
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Table 1:
sequence constant
current
measured
voltage
magnetic
field
1 +1 K rab 7cd 0j 2 + b c Vad 0.3 +Ibd © c 0
; 4 ft ft +•8
5 W ft 0
6 ft it -9
7 + a b vdc 08 + b c vda 09 -xbd Vca 0
10 n N -B
1 1 w If 0
12 rt -B
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2 .4  Secondary Ion  Mass Spectrom etry (SIMS) and Scanning E le c tro n  
M icroscopy (SEM)
The SIMS an a ly ses  were performed in  a Camera IMS3F SIMS system  
equipped w ith  mass f i l t e r e d  duoplasmatron and su rfa ce  io n iz a t io n  
so u rce s . The depth p r o f i le s  fo r  e le ctro n e g a tiv e  sp e c ie s  ( S i ,S e )  
were performed u sing  C s+ io n  bombardment a t  10 keV and d etectin g  
n eg ative  secondary io n s  w h ils t  fo r  e le c t ro p o s it iv e  sp e c ie s  
(indium ) 02 bombardment a t  15 keV was employed and p o s it iv e  
secondary io n s d etected . In  both cases a 60 pm diam eter analysed  
area  was used w ith  a 250 jam r a s t e r  fo r  the prim ary beam.
An a p p lic a t io n  o f SIMS to the study o f implanted GaAs i s  found in  
Sykes & B lunt ^ 84) .  SIMS a n a ly ses  were c a r r ie d  out by Loughborough 
C o n su ltan ts L im ite d .
A thorough exp lan atio n  o f S M  can be found in  W ells  ^ 88 \  SM  
m icrographs were taken in  the M a te ria l Science Department o f  the  
U n iv e r s ity  o f S u rrey .
2 .5  Photoluminescence (FL )
L ig h t  from a 5W argon la s e r  can e x c ite  e le c tro n s  in  GaAs to h ig her  
energy le v e ls  in  the conduction band. The e x c ite d  c a r r ie r s  decay  
and can produce l ig h t  w ith  d if fe re n t  wavelengths on t h e ir  
t r a n s it io n  to the low er le v e ls .
E x c ita t io n s  and t r a n s it io n s  can be due to many mechanisms such as  
( f ig  2 .7 ) :
1) e x c ita t io n  o f  an e le c tro n  from the va lan ce  band to the  
conduction band by a photon (h^ ) ;
2) t r a n s it io n  from the bottom o f  conduction band to the upper
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le v e l  o f  the va lan ce  band (GaAs band gap); ...
3) t r a n s it io n  from conduction band to  acceptor le v e l ;
4) t r a n s it io n  from donor le v e l  to  va lan ce  band;
5) t r a n s it io n  from donor le v e l  to  acceptor le v e l  (noti r a d ia t iv e ) ;  
6 ,7 ) deep le v e l  t r a n s it io n : e it h e r  deep donor to  valance band or 
conduction band to deep accep to r. The e x c ita t io n  and t ra n s it io n s  
o f e le c tro n s  a re  shown in  f ig  2 .7 .
The fundamental p r in c ip le s  o f the a p p lic a t io n  o f  photoluminescence 
to  the study o f sem iconductor a re  d e a lt  w ith  by E i l l i o t  & 
Gibson^00) .  PL sp e ctra  were obtained in  the P h y s ics  Department o f  
the U n iv e r s it y  o f S u rrey .
f ig 2 .7
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The c o l l i s io n s  that e n e rg e tic  io ns make w ith  the host atoms 
d estro y  the c r y s t a l l i n i t y  o f  the sam ples. For the a p p lic a t io n s  to  
d e v ic e s , an annealing  c y c le s  i s  req u ired  to  r e - c r y s t a l l i z e  the  
damaged reg ion  and to inco rp o rate  or to a c t iv a te  im planted atoms. 
Thermal energy rearrang es the atoms on t h e ir  proper l a t t i c e  s i t e s ,  
and re s to re s  the e le c t r i c a l  p ro p e rtie s  which are  a ffe c te d  by the  
presence o f damage. However, annealing may cause m a te r ia l 
decom position th erefo re  a s u ita b le  encapsulant i s  d e s ira b le  to 
avoid  any decom position w h ile  annealing  i s  in  p ro g ress.
The most su c c e ss fu l type o f encapsulants fo r  GaAs are  SigN+ and 
A1n ( 37 ). The thermal expansion c o e f f ic ie n t s  o f S ig N ^ ^ ) and 
G a A s ^ 9 )  are  d if f e r e n t ,  w h ile  the d iffe re n c e  between the thermal 
e x p a n s iv ity  o f GaAs and A1N^G  ^ i s  not s ig n if ic a n t .  For 
tem peratures above 950°C, the d iffe re n c e  in  therm al e x p a n siv ity  
may c re a te  s t r a in  on the SigN^/GaAs in te rfa c e  which in  tu rn  
e f fe c t s  the e le c t r i c a l  p ro p e rtie s  o f GaAs (4 1 + 2 ) . £g
d i f f i c u l t  to deposit a good q u a lity  A IN ^ ^ . A more e f f ic ie n t  
encapsulant i s  obtained by superimposing AIN on a th in  la y e r  o f  
S i 3N4 (1 8 ) .
The SigN^ encapsulant i s  deposited  w h ile  the sample su b stra te  i s  
h e ld  a t  about 635°C fo r  about 17 seconds in  an ambient o f s i la n e  
and ammonia. The SigN^ th ick n ess  can he in creased  by keeping the  
sample a t  635°G fo r  a longer tim e. The co lo ur o f the encapsulant 
provides an in d ic a t io n  o f i t s  th ic k n e ss . However, t h is  was a lso  
measured by RBS. The chem ical re a c t io n  takes p la ce  a s  shown in  the  
fo llo w in g  equation:
2.6 Annealing
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3 S i  H4 + 4 NH3   S i3N4 + 12 H2
deposited  exhausted
The AIN encapsulant was deposited  on the sample a t room 
temperature by evaporating A l in  a NH3 atmosphere. The equation  
given below shows the chem ical re a c t io n .
2 A l + 2 NH3  —  2 AIN + 3H2
d eposited  exhausted
o
E ith e r  a s in g le  S i3N4 encapsulant (about 800 A th ic k )  or a dual
a Qencapsulant o f S i3N4 (about 300 A th ic k )  and AIN (800 A th ic k )  was
used,
2 .6 .1  Annealing methods
Samples were annealed e it h e r  in  a furnace^44) or in  a double 
graph ite  s t r ip  heater^48) ,  as shown in  f ig  2 .8 a . In  the double 
g rap h ite  s t r ip  h e ate r the samples were p laced  on the lower 
g raph ite  s t r ip  c lo se  to  a thermocouple, in  order to measure the  
sample temperature a c c u ra te ly . Annealing took p la ce  in  a n itro g en  
ambient. The temperature could  be co n tro lle d  v ia  the feedback from 
a thermocouple connected to the back o f the low er graph ite  s t r ip .  
The system was c a lib ra te d  to  the m elting po int o f s i l v e r  (9 6 3 °C ). 
The req u ired  temperature could  be reached w ith in  5 to 10 seconds 
as shown in  f ig  2 .8 b .
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2.7 Sample preparation
GaAs w afers were cut in to  samples o f area  between 1 to 9 cm . 
Implanted samples were cut in to  sm alle r samples o f v a r ia b le  a re a , 
to e ith e r  d i r e c t ly  undergo RBS or SIMS an a ly ses  (a s  im planted  
sam ples) or to undergo en cap su lation  p ro ce sse s . Encapsulated  
samples were fu rth e r  cut in to  samples o f area  ranging between 
0 .5 x0 .5  cm2 and 0.5x1 cm2 to undergo annealing  p ro cesses. A fte r  
ann ealin g , samples e ith e r  d i r e c t ly  underwent RBS, SIMS and PL 
a n a lyses  (cap-on sam ples) or had th e ir  encapsu lants d isso lv e d  in  
HF previous to the above a n a ly ses  (cap-etched sam ples) o r were cut 
in to  c lo v e r  le a f  shapes fo r  H a ll e f fe c t  measurements.
To remove the encap su lant, samples were l e f t  in  HF a c id  fo r  
approxim ately 3 m inutes. A fte r  removal o f the encapsulant samples 
were r in se d  in  d i s t i l l e d  w ater, hot to luene (5 m inutes), hot 
methanol (1 m inute) and hot methanol AR (1 m inute) fo r  b e tte r  
su rfa ce  c le a n lin e s s .
C lo ver le a f  shaped samples were cleaned in  hot toluene to remove 
wax and other im p u rit ie s  and then underwent the same process as  
d escrib ed  above fo r  the removal o f the encapsu lant.
A llo yed  ohmic co n tacts were made on c lo v e r  le a f  shaped samples by 
m elting  t in  or indium dots a t  a temperature o f  about 250 °C in  a 
n itro g en  and hydrogen atmosphere.
2
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CHAPTER 3: EXPERIMENTAL RESULTS
3.1 Introduction
This chapter will present in detail the results of the RBS study 
of a variety of samples implanted with indium and arsenic. The 
aim is initially to examine how implanted indium incorporated into 
GaAs in terms of lattice sites location. This is achieved by means 
of measuring the retained indium after ion implantation and by 
measuring the number of substitutional indium atoms. The 
crystallinity of the implanted layers is also studied. Some of the 
RBS data are compared with results from SIMS, SEM, PL and 
electrical measurements.
3.2 As-implanted samples
Fig 3.1 and Fig 3.2 show three profiles of indium in two as- 
implanted samples with ion energy of 100 keV (sample a, table 3.1) 
and 280 keV (sample b, table 3.1) respectively. The points in the 
first profile are taken from random spectrum, the second profile 
is from SIMS, while the third profile is calculated using 
Projected Range Algorithm (PRAL). In the PRAL profile, the dose of 
indium is assumed to be 2xlO^0cnf2 (100 keV) and 4x10^ -0cm” 2 (280 
keV), as measured by the current integrator during ion 
implantation. These profiles in both cases have obvious 
differences. Firstly, the RBS profile is broader than the 
calculated profile (PRAL) and the indium concentration near the
91  _ qsurface is higher; its magnitude is about 2x10 xcm at the 
surface. In fig 3.2 (280 keV), the indium concentration is almost
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the peak concentration in the two RBS profiles is about 3 x
10^*cm“+  which is lower than that of the calculated profile
(FRAL). The retained areal density was measured by RBS in the
oregion up to about 800 A below the surface in fig 3.1 (100 keV). 
In both cases, the retained areal densities measured by RBS were 
lower than doses measured by the current integrator (the retained 
indium measured by RBS were 6xl013cm“  ^and 1.3xl01^cm~^ lower than 
the values measured by the current integrator for the samples in 
fig 3.1 and 3.2 respectively, while the same values are expected 
by both measurements), indicating that some loss of indium 
occurred during ion implantation.
In fig 3.1 (100 keV) the two profiles from SIMS and RBS are
0similar in shape up to about 800 A below the surface. RBS values
are not available deeper within the sample as the indium
concentration is too low to be measured. The SIMS profile is
slightly skewed and shows the indium concentration up to about 
o1350 A from the surface.
In fig 3.2 (280 keV) the SIMS and RBS profiles are similar in
shape up to 1600 A below the surface; no reliable RBS values are
available deeper within the sample as the indium concentration is
either too low or the indium signals are mixed with gallium and
arsenic signals. The SIMS profiles, idiich is more skewed than that
of fig 3.1, shows that the indium concentration extends to a depth 
0of about 3500 A; Similar indium profiles (RBS) to the one in fig
3.1 were obtained from two samples (sample d and e in table 3.3) 
dually implanted with equal doses of arsenic (80 keV) and indium
oflat in the region up to about 700 A below the surface. Secondly,
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(100 keV). The indium doses were measured by the current 
integrator to be 2xl018cnf2 and 4xl048cnf2, but lower values were 
measured by RBS, i.e. about 1.7xl018cm“"2 and 1.8xl048cnr2 
respectively (table 3.4), indicating loss of indium during ion 
implantation. The loss of indium is more pronounced for higher 
dose of implants.
In the SIMS measurements, the as implanted dose was used for the 
calibration of the 4xl048cm'“2 sample and a calibration factor 
relative to the arsenic matrix was derived. This was used for the 
calibration of other samples. The indium concentration in the SIMS 
profile is higher than in the RBS profile because some indium was 
lost during ion implantation. The peak indium concentration in the 
SIMS profile was shifted to superimpose the one in the RBS profile 
and after this translation no difference can be seen in the shape 
of the two profiles. SIMS shows no traces of G, 0, Ge, Se, Sn, Cd, 
or Hg contaminating the implants. However, there is sign of 
transition metals such as Mn, Fe, Ni, Cr, to a quantity of about 
lxl048cm”2 after implanting 4xl048cm~2 of indium.
Fig. 3.3a and 3.3b show random and channelling spectra of the same
as-implanted sample described in fig,3.2 in which indium was
implanted to a dose of 4xl048cm“2. The channelling spectrum
(channels 364-396) shows that the implanted layer extends to about 
02000 A. Clear indium signals start from channel 426 and end at 
about channel 400 in the random spectrum. This shows that indium 
can be measured only up to about 1600 A from the surface.
The yield near the surface for the channelled spectrum
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(channels=385-389) reaches that of the random spectrum and extends 
to a depth of about 1300 A. Thus the surface has been amorphized
Oto a thickness equal to about 1300 A. The retained indium 
densities of indium in both spectra are almost the same and are 
equal to 2.71xlO40cm”2 (table 3.5). This value is lower than the 
one measured by the current integrator (4xlO^0cnf2) during ion 
implantation, indicating that indium was lost during ion 
implantation as already concluded from figures 3.1 and 3.2.
Fig. 3.4a and 3.4b show random and channelling spectra of the 
sample implanted at 280 keV to a dose of 7x104-’em”2. The substrate 
temperature during ion implantation was 200 °C, the only one above 
room temperature in the present study (sample C table 3.1). The 
indium and the implanted regions of the above spectra are enlarged 
and shown in fig.3.5a and fig.3.5b respectively. Annealing at this 
temperature prevents the implanted layer from being amorphized 
(fig.3.4b). However, there is residual damage in the channelled 
spectrum which is similar to that of the sample in fig.3.10a. RBS 
measured that about 63% of the retained indium (6.4x10^ cm”2) 
could be incorporated in the region from the surface up to about
o1250 A, which is shallower than the previous case (fig.3.3a) where 
a higher H^e energy (2MeV) was used during RBS measurements. The
pindium profile is flat from 600 A below the surface into the bulk 
(fig.3.5a). This is contrary to what is shown in fig.3.2 where the 
indium profile is almost flat in the region from the surface up to 
about 700A.
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Fig.3.6a and fig.3.6b show a random and a channelling spectrum 
taken from two different samples. Sample e (table 3.3), in which 
equal doses of arsenic and indium are implanted (4xl01 c^m”^), is 
used for the random spectrum. The surface energy of indium starts 
at channel 428. The indium distribution throughout the implanted 
layers in the random spectrum of fig.3.6a is similar to the RBS 
profile shown in fig.3.1. No spectrum in the channelling direction 
could be obtained for this sample because the implanted layers 
were amorphized and no channelling direction could he traced. To 
obtain a channelling direction in amorphized layers, a GaAs sample 
partly implanted and partly virgin is required; the channelling 
direction can be traced easily first in the virgin part and then 
in the implanted part. Sample (table 3.3) used for the 
channelling direction is similar to the one used for the random 
spectrum in fig.3.6a but was left in hydrofluoric acid (HF) for 
five minutes. As will be shown later HF dissolved the amorphized 
layer and for this reason a channelling spectrum could be obtained 
easily. All the indium atoms are visible in the random direction 
in the sample in which no HF was used (fig.3.6a) while hardly any 
indium atoms are visible in the channelling direction spectrum 
(fig.3.6b). In the latter spectrum, two peaks are visible due to 
arsenic and gallium atoms. The Xm n^ value is about 8.1% which 
indicates that the amorphized layer together with the indium atoms 
has been dissolved in the hydrofluoric acid.
The channelling spectrum of the 2xl01+m“^/80 keV As* implanted
©sample produced an amorphized layer of about 500 A in thickness
Q
(projected range is about 360 A).
- 46 -
3.3 Annealed samples (indium implanted at 280 keV)
3.3.1. Annealing at 635°C
Fig.3.7 shows two RBS indium profiles (In+=As*!*;lxl048cm”2), one 
taken before (cap-on) and one taken after (cap-etched) dissolution 
of the encapsulant in hydrofluoric acid. The sample was annealed 
at 635 °C for 17 seconds during Si^N^ encapsulation. It seems that
oa large quantity of indium migrated into the region at about 400 A 
below the surface during Si3N4 encapsulation as the projected
Orange is about 800 A. The migration of indium is clearly
demonstrated when the profiles of indium in the as-implanted and
cap-on samples are compared. This is shown in fig.3.8 in which the
16 —9sample was implanted with indium only to dose of 4x10 cm and 
annealed at 635°C for 17 seconds. In fig.3.8, the indium profiles 
are dissimilar from each other and the peak indium concentration 
in the cap-on sample is about 4.2x1024cm”8, which is higher than 
in the as-implanted sample (3xl024cm“8). The position of the peak 
in the cap-on sample has shifted towards the surface and is
oaccommodated at 200 A below the surface. The quantity of indium in 
the as-implanted and the cap-on sample is almost the same (about 
2.71x1048cm“2/table 3.5), indicating that no indium was lost 
during encapsulation by means of evaporation. The indium
oconcentration was measured to a depth of about 1600 A by RBS. The
oamount of indium deeper than 1600 A is very low as shown in the 
SIMS profile (fig.3.9). Indium concentration in the cap-etched 
sample is about 1.5xl018cm”2 lower than in the cap-on sample 
(table 3.5), because hydrofluoric acid dissolved this amount of
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indium together with the encapsulant. In both the above figures
ohydrofluoric acid dissolved indium as far as 700 A below the 
surface; below this region, the indium concentration in the cap- 
etched and the cap-on sample is the same.
Fig.3.9 shows two indium profiles measured using SIMS of the as-
implanted and the cap-etched samples of fig.3.8. The profiles are
the same in the region near the tail which is at a distance of 
©about 1500 A below the surface, indicating that annealing at 635°C 
for 17 seconds does not affect the tail of the profile (no sign of 
indium diffusion). Therefore, rapid thermal annealing at this 
temperature could only affect the indium profile near to the 
surface region as already shown in fig.3.8 where indium migrated 
towards the surface. The indium concentration in the cap-etched 
sample is lower than in the cap-on sample for the reasons already 
explained in fig.3.8.
3.3.2. Annealing at 950°C for 30 seconds
Fig.3.10a and 3.10b show two channelled spectra. These spectra are 
taken from a cap-etched and a cap-on sample (sample b2 and bx in 
table 3.1). The indium and the implanted regions of the above 
spectra are enlarged and shown in fig.3.11a and fig.3.11b 
respectively.
oThe thickness of Si2N^ measured from RBS spectra is about 360 A. 
The surface energy of indium in the cap-etched and the cap-on 
samples is found to be at channel 426 and 420 respectively 
(fig.3.11a and fig.3.11.b). The shift of indium surface energy is
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equal to the encapsulant thickness (360 A). Equally, a shift was 
observed in the surface energies of gallium and arsenic. The shift 
in indium surface energy indicates that there is no indium in the 
encapsulant. Shifts in indium surface energy were also observed in 
samples with encapsulants of much larger thickness as' will be 
shown later in this chapter.
The two peaks below channel 400 in the RBS spectra are due to 
arsenic and gallium (fig.3.10a). The peak due to arsenic does not 
appear in the profile of the cap-on sample and the yield is higher 
than in the cap-etched sample (fig.3.10b) because of additional 
dechannelling resulting from the presence of non substitutional 
indium and of the encapsulant. There is residual damage in the 
entire implanted region as shown in both channelled spectra. This 
damage is seen in the region below the arsenic and gallium surface 
peaks up to the end of the implanted layer where there is a sign 
of dechannelling (the RBS yield below gallium and arsenic surface 
peaks does not form a continuous slope, as in perfect crystals, 
but is steeper in the region up to the end of the implanted layer 
than in the region from the implanted layer to the bulk). A 
similar situation can also be seen in the channelled spectrum in 
fig.3.4b of a sample implanted with indium at 280 keV with a 
substrate temperature of 200 °C.
The values are 8.6% and 14.7% for the cap-etched and the cap­
on sample respectively (table 3.5). The higher value of Xm£n in 
the cap-on sample is due to the additional dechannelling resulting 
from the presence of the encapsulant.
oIn the region at about 1600A below the surface, most indium atoms
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are non-substitutional in the cap-on sample, that is only about 
42% out of 2.7xlO40cm”2 is substitutional (table 3.5). However, in 
the cap-etched sample about 91% out of 1.2xlO40cm“2 is 
substitutional (table 3.5).
Fig.3.12a and fig.3.12b show two channel ranges of the random
spectrum of a sample similar to the one in fig.3.10b but further
annealed at 950°C for 30 seconds and with the encapsulant
dissolved in hydrofluoric acid (sample bq table 3.5), The indium
concentration is almost constant in the implanted layer. The areal
density of indium is measured to be 1.26xlO40cm”2 in the region
0from the surface up to about 1250A which is shallower than the
© , previous case (1600A in fig.3.3a) where a higher He energy (2MeV)
was used during RBS experiments. About 91% of the above indium
became substitutional. Hydrofluoric acid (HF) dissolved about
1.5xlO40ciri2 indium in this sample (table 3.5).
Fig.3.13a and fig.3.13b show two channelling spectra of 1) as- 
received virgin GaAs and 2) the same sample in fig.3,12b (annealed 
at 950°C for 30 seconds and cap-etched/ sample b^ , table 3.5) 
respectively. The indium and implanted regions of the above 
spectra are shown enlarged in fig. 3.14a and fig. 3.14b 
respectively. The spectrum in fig.3.12a shows two peaks below 
channel 400 which correspond to gallium and arsenic surface peaks. 
The Xmin value is about 4.8%. The spectra in figures 3.13b and 
3.14b show only one peak below channel 400 which is due to 
gallium. The arsenic surface peak does not appear in this spectrum
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present, which is contrary to what has been observed in figures 
3.10b and 3.10a where the sample was annealed at 635 °C for 17 
seconds during encapsulation. The X[n£n value in fig.3.13b is 
higher than in fig.3.10a.
Fig,3.15 shows the Scanning Electron Microscopy (SEM) micrograph 
of sample b2 (table 3.1) where etched pits are visible after 
annealing at 635°C and removal of the encapsulant in hydrofluoric 
acid. The diameter of the pits is measured to be less than 1pm. 
These pits are too small to be analysed using the x-ray probe. 
Similar micrograph is taken from the sample annealed at 950°C for 
30 seconds,
3.3.3 Dual implants of indium and arsenic
Fig.3l6a and fig.3l6b show two regions of the channelling spectrum 
of the sample implanted with indium and arsenic to equal doses of 
lxl048cm” 2 and encapsulated with Si^N^ & AIN layers of 1300A total 
thickness (as measured by RBS). This sample was annealed at 950°C 
for 30 seconds plus 800°C for one hour. Similar channelling 
spectra to the above sample were also produced by the sample 
annealed only during Si^N^ encapsulation (635°G for 17 seconds) 
and by the sample annealed at 950°C for 30 seconds.
The implanted layers have been recrystallised significantly 
following annealing at 635 °C for 17 seconds as there is no sign 
of damage below the arsenic and gallium surface peaks. This is in
and the value is 10%. There is not a thick damaged region
contrast to the results of fig.3l0a. The value is 7.5% for all 
the etched samples (table 3.6). The maximum quantity of 
substitutional indium was found when a similar sample was annealed 
at 950°C for 30 seconds plus 800°C for one hour. In this sample 
about 98% out of 7.5xl013cm“  ^indium became substitutional. In the 
sample annealed only at 950°G for 30 seconds about 92% out of 
5.4xl013cm“ 7 became substitutional. In the latter PL measurements 
were taken at 77K on samples implanted with indium and arsenic to 
equal doses of lxlO^cnT7 and 2x1013cm*"7 then encapsulated with 
Si3N4 & AIN and annealed at 950°C for 30 seconds.
0The implanted layer, as measured by RBS, is about 1250A thick with 
an almost uniform indium concentration and the indium profile is 
similar to the one shown in fig.3.12b. The spectra of the two 
samples (fig.3.17) have been normalized and superimposed by 
shifting the GaAs peak along the vertical axis. The peak on the 
left hand side corresponds to the GaAs band gap energy; its value 
was measured to be 1.507 eV, which is the same value measured by 
Zavara^^. The second and third peak on the right hand side are 
related to the implanted layers in sample c^  (doses of 2x101 3 cm”7) 
and sample c^  (doses of lxlO^cm”7) respectively; the shift 
between the second and the third peak corresponds to an increase 
in indium concentration.
3.4 Annealed samples (indium implanted at 100 IceV)
3.4.1 Single implants of indium
Indium is implanted to a dose of 2xl048cm“2.
Fig.3.18 compares the profiles of indium in the cap-on samples 
annealed at 800°C either for two hours (sample a2 table 3.1) or 
for three hours (sample a3 table 3.1) to the profile of indium in 
the as-implanted sample (sample a table 3.1). The points in these 
profiles were taken from random spectra. The profiles show that 
the indium concentration has shifted into the bulk and that the 
peak concentration has shifted by about 25C)A into the bulk after 
annealing at 800°C. The indium concentration was measured as far
o oas 1050A and 810A away from the surface with a peak indium 
concentration of 3xl024cm” 8 and lxl024cm” 8 for the as-implanted 
and the annealed samples respectively. The indium concentration in
othe region below 630A from the surface is higher in the annealed 
sample. No significant difference was found between annealing at 
800°C for two and three hours (table 3.7). The areal density in 
the annealed sample is about 8x1 cm” 2 lower than in the as- 
implanted sample (total indium in as-implanted sample is about 
1.4xl048cm” 2 ). As will be discussed in chapter 4, this difference 
is due to the indiffusion of indium in the annealed samples in an 
area where RBS could not detect it.
No difference was found between the indium profiles of the cap-on 
and the cap-etched samples annealed at 800°C for two hours, 
indicating that hydrofluoric acid did not dissolved indium in the 
sample annealed at the above temperature. The total areal density
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of indium in both types of samples is 6.2xl04^cm” 2 and the indium 
concentration is the same.
The indium profile of the sample annealed at 800°C for two hours 
appears to have shifted slightly (fig.3.19) in comparison to the 
sample annealed at 800°C for one hour plus 950°C for 30 seconds.
oThe thickness of the Si^N^ encapsulant is about 1000A (fig.3.20) 
for all the samples annealed in furnace except for the sample 
annealed at 800°C for three hours in which case the encapsulant
othickness is 900A. The surface energy of indium in the as- 
implanted sample is found to be 20 or 22 channels away from that 
of the cap-on samples corresponding to the thickness of the 
encapsulant. Equally, a shift is observed in the surface energies 
of gallium and arsenic. The shift in the indium surface energy 
indicates that there is no indium in the encapsulant. There is not 
any sign of encapsulant failure. Annealing at 750°C or at 800°C 
for two or three hours causes the indium profile to shift towards 
the bulk and annealing also causes the peak indium concentration 
to decrease in magnitude.
Fig.3.20a and fig.3.20b show channelling spectra of the samples 
annealed at 750°C for two hours and of the sample annealed at 
800°C for one hour plus 950°C for 30 seconds respectively.
Indium yield in the sample annealed at 750°C is higher in most 
parts of the implanted layer than in the sample annealed at 800°C, 
at which temperature most indium becomes substitutional and a 
better crystallinity is obtained. There is not a significant 
difference in indium incorporation between samples annealed for
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two or three hours at 800°C (92% out of 6.2xl01 c^rn“2 became 
substitutional/ table 3.7) The Xm£n value is about 21% for all the 
annealed and the cap-on samples irrespective of their annealing 
conditions. The high value of and the disappearance of
gallium and arsenic surface peaks are due to additional 
dechannelling resulting from the presence of the encapsulant of 
about 900-1000 A thickness.
3.4.2. Dual implants of arsenic and indium
Arsenic was implanted before indium at 80 keV, to equal doses of 
2xl016cnf2.
Fig.3.21a and fig.3.21b show two random spectra of an as-implanted 
sample (sample d, table 3.3) and a cap-on sample annealed at 650°C 
for one hour plus 920°G for 30 seconds (sample d2/table 3.3). The 
indium regions of the above spectra are enlarged and shown in fig. 
3.22a and fig.3.22b respectively. Fig.3.22a shows indium peak 
concentration at channel 425 and indium surface energy at channel 
428, Clear indium signals end at about channel 410. The peak 
concentration shifts towards the bulk after annealing at 650°C for 
one hour plus 920°C for 30 seconds as shown in fig.3.22b. In this 
spectrum, indium peak concentration and indium surface energy are 
at channel 395 and channel 403 respectively. Clear indium signals 
end at about channel 384.
The shift in indium, arsenic and gallium signals is equal to the
©encapsulant thickness which is about 1120A showing that there is 
no indium in the encapsulant, in agreement with the results shown
Oin fig.3.11 •sdiere a thinner encapsulant (360A) was used. In both
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the case o f the as-implanted and the annealed samples, the peak 
indium concentration is  almost equal to 140 counts (or SxlO^ciri0) 
and the areal density is  equal to 1.7xlO40crri2 (table 3.8). These 
spectra show that a l l  indium can be detected by RBS a fter the 
annealing processes described above, which is  contrary to what was 
observed in f i g . 3.18. The channelled spectrum o f the same dual 
implanted sample shows that there is  s t i l l  a number o f non 
substitutional indium atoms remaining, which were dissolved in 
hydrofluoric acid together with the encapsulant.
3.4.3. Dual and single implants o f arsenic and indium
In this section, the e ffe c t o f arsenic implants on indium
incorporation is  shown.
Fig. 3.23 shows two indium pro files  taken from the random spectra 
o f two samples. The f i r s t  sample was implanted with indium and 
annealed at 800°C fo r one hour (cap-etched/sample a  ^ table 3.1 ). 
The second sample was implanted with arsenic & indium and annealed 
at 650°C fo r one hour plus 920°C fo r 30 seconds (cap-etched/sample 
dx table 3.3 ). I t  is  obvious more indium remains in  the dual 
implanted sample a fter dissolution o f the encapsulant in
    O
hydrofluoric acid (HF). HF dissolved indium as far as about 630 A 
below the surface in both cases. The areal densities o f indium 
a fter dissolution o f the encapsulant were measured to be about 
6.6x104 cm"*2 and 5.1xl04 c^m“ 2 out o f 1.7xlO40cm~2 and 6.2xlO^0cm“ 2 
before dissolution o f the encapsulant in  the dual and single 
implanted sample respectively.
The channelling spectra o f the samples in figure 3.23 are shown in
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figures 3.24a and 3.24b for the single and dual implanted sample 
respectively. The indium and the implanted regions of the above 
spectra are enlarged and shown in fig. 3.25a and fig. 3.25b 
respectively. The indium yield in the dual and single implant is 
1.5xl048cm“2 and 2.6xl048cm”2 respectively (table 3.8), indicating 
more indium is substitutional in the dual implanted sample. About 
54% out of 5.1xl048cm”2 of indium became substitutional in the 
single implanted sample, while 84% out of 6.6x10^ cm”2 became 
substitutional in the dual implanted sample. The peak indium
oconcentration was measured at a distance of about 600 and 450A 
from the surface with a substitutional peak indium concentration 
of 8.2xl02dcm~8 and 1.2xl024cm”8 in the single and dual implanted 
sample respectively (table 3.9).
The arsenic surface peak does not appear and signals near the 
gallium surface peak are high and broad in these spectra in 
agreement with figure3.13b and in contrast with figures 3.13a and 
3.10a. The value is 8.4% for both samples (table 3.8).
3.5: Hall effect results (Van der Pauw technique)
Hall effect measurements were taken on the samples given in table 
3.10.
Table 3.11 gives sheet electron concentration, sheet mobility and 
sheet resistivity of single implants of selenium (300 keV 
/lxlO14 cm”2) and indium (350keV/1.38xl048cm”2) into GaAs, as a 
function of annealing temperature and indium dose. These results 
indicate that, in samples implanted with selenium only, selenium 
becomes more activated at higher annealing temperatures, as
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already reported by other authors(18,47) b ^ p-type activity was 
obtained for selenium and indium implanted samples for annealing 
temperatures below 900°C. The p-type activity is due to incomplete 
annealing cycles. No significant difference in sheet electrical 
measurements between single and dual implanted samples was 
obtained for annealing temperatures above 900°C.
Fig.3.26 shows two profiles of electron concentration of a sample 
implanted with selenium only (300keV/lxl011cm“2/sample fg in table
3.10) and of a sample implanted with selenium (300keV/lxl014Cirf 2) 
plus indium (350keV/1.38xl0X c^m*"2 sample g^  in table 3.10). Both 
samples were annealed at about 970°C for 30 seconds.
Even though no significant difference in sheet electron 
concentration is found between the two above samples (table 3*11) 
the electron concentration appears to he higher in the region near
Othe projected range Rp (1200A) in the dual implanted sample.
Table 3.12 gives sheet and maximum electron concentration, sheet 
mobility and sheet resistivity of selenium (200keV/lxl01^cm”2) and 
indium (280keV/0-lxl013cm“2) implanted GaAs as a function of 
indium doses. These results show that the presence of indium can 
effect the electrical properties of selenium implanted GaAs, for 
example sheet electron concentration increases and sheet mobility 
decreases with increasing indium doses.
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Table 3.13 gives sheet and maximum electron concentration, sheet 
mobility and sheet resistivity of triple implants of arsenic
( 80keV / 2x104 0cm”2 ), indium (1 OOkeV / 2x104 0crcf2 ) and selenium 
(80keV/lxl044cni~2) in GaAs as a function of annealing temperature. 
Sheet electron concentration increases and sheet mobility 
decreases with increasing annealing temperatures. No electrical 
activity was measured for the sample implanted with indium and 
selenium and no arsenic (sample kx table 3.10)
Fig.3.27 shows the electron concentration and mobility of the
samples implanted with three ions (table 3.13) and annealed at 
650°C for one hour plus 960°C for 30 seconds (sample d3 table
3.10). A similar sample was also studied by RBS. The highest
1 Qelectron concentration is measured to be about 6xl0J-°cm at a
Qdepth of approximately 150A from the surface. The sheet electron
concentration is 3.2xl048crri2 as given in table 3.13. The electron
0concentration near the projected range Rp (330A) is about
2.8xlO40cm”2. The mobility is highest near the projected range.
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Fig 3.1: indium profiles measured by SIMS and RBS of an as-
implanted sample (In+: 2xl(/8cmT2/100 KeV, sample a table 3.1).
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Fig 3.2: indium profiles measured by SIMS and RBS of an as- 
implanted sample (In+: 4xl048cm""2/280 KeV, sample b table 3.1). The 
points in the RBS profile were taken from the spectrum shown in 
fig 3a.
•Channel Number
Channel Number
Fig 3.3: shows a) random b) channelling spectrum of an as-implanted 
sample (In+:4xl01^cm“2 /280 KeV, sample b, table 3.1). 2 MeV He+ 
particles were used for RBS.
Fig 3.4 : shows a) random b) channelling spectrum of an as-implanted 
sample (In+:7xl(/8cnf 2 /280 KeV, Substrate temperature was 200°C 
during ion implantation (sample c, table 3.1).
1.5 MeV He+ particles were used for RBS.
Channel Nunber
Fig 3.5: shows a) the same random spectrum in fig 3.4a between 
channels 403 and 455 b) the same channelling spectrum in fig 3.4b 
between channels 350 450.
Channel Nueber
Fig 3.6 : shows
a) random spectrum of an as-implanted sample (As+/80 KeV = Tn+/100 
KeV: 4x10^ cm-2 sample e, table 3.3)
b ) channelling spectrum of the sample used in a) but left in 
hydrofluoric acid for five minutes (sample e^ table 3.3).
1.5 MeV He+ particles were used for RBS measurements.
Depth(A)
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Fig 3.7: shows two indium profiles (In+/280 KeV = As+/200 KeV 
lxlO^ciri2)
a) sample annealed at 635°C for 17 seconds, with 
encapsulant in place/cap-on (sample table 3.6)
b) a similar sample as in a) but encapsulant dissolved in 
HF/cap-etched sample (sample C2 table 3.6).
these profiles were taken from random spectra.
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Fig 3.8: shows three indium profiles In+: 4xl07® cirf/280 
KeV:
1) as-implanted sample (sample (} table 3.1).
O2) sample annealed at 635 C for 17 seconds, with 
encapsulant in place/cap-on (sample b^  table 3.1).
3) a similar sample as in 2) but encapsulant dissolved in 
HF/cap-etehed sample (sample b2 table 3.1).
The points in these profiles were taken from random spectra
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Fig 3.9: indium profiles (In+: 2 x lO1^ cm~2/280 KeV)
measured by SIMS of two samples:
1) as-implanted sample (sample b table 3.1).
2) a similar sample as in 1) but annealed at 635 °C for 17 
seconds, encapsulant was dissolved in HF/cap-etched (sample 
bl table 3.1)
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Fig 3.10: shows channelling spectra of the sample (In+: 4xlO40cnT2
/280 KeV) annealed at 635°C for 17 seconds a) cap-etched (sample
b2, table 3.1) b) cap-on sample (sample b^, table 3.1).
2 MeV He+ particles were used for RBS.
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Fig 3.11: shows a) channels 350 to 450 of channelling spectrum in 
fig 3.10a b) channels 350 to 450 of channelling spectrum in fig 
3.10b.
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Fig 3.12: shows a random spectrum of the sample annealed at 950°C 
for 30 seconds (In+:4xlO40cm“2 /280 KeV, cap-etched sample b3, 
table 3.1) a) channels 250 to 450 b) channels 399 to 451.
1.5 MeV He+ particles were used for RBS
3 1 1  C *
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Fig 3.13: shows channelling spectra of a) an as-received GaAs 
sample and of b) the same sample in fig 3.12 (annealed at 950°C for 
30 seconds In+:4xl0^-8cm”2 /280 KeV, cap-etched sample b3, table 
3.1). 1.5 MeV He+ particles were used for RBS
!M8-;
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Fig 3.14: shows a) channels 350 to 450 of channelling spectrum in 
fig 3.13a b) channels 350 to 450 of channelling spectrum in fig 
3.13b.
Fig 3.15 shows a SEM micrograph of the sample 
(In+: 4 x 1016cm“2/280 KeV) annealed at 635 °C 
for 17 seconds with encapsulant dissolved in 
HF/cap-etched (sample b2, table 3.1).
Fig 3.16a channelling spectrum of the sample (In+/280 KeV 
=ASf/200 KeV: 1 x lO1^ cm-2) annealed at 950 °C for 30
Oseconds and 800 C for one hour with encapsulant dissolved 
in HF/cap-etched sample (sample c^, table 3.2).
1.5 MeV He+ particles were used for RBS.
Channel Number
3 .16b  display the implanted region of channelling 
spectrum in fig 16a.
W a v e le n g th  ( n a )
Fig 3.17 p l spectra of:
sample c5:In+/280 Ke.V=As+/200 KeV: 2x1c15 cm”2 
sample c^:In+/280 KeV=As+/200 KeVilxlO40 cm”2 
sample c^cap-etched; sample c^=cap-on 
both annealed at 950 C for 30 seconds (table 3.2)
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Fig 3.18 shows three profiles of indium (2 x 1018 cm”2/100 
KeV):
1) as-implanted sample (sample a table 3.1).
2) sample annealed at 800 C for two hours / with 
encapsulant in place (sample a2 table 3.1).
3) a similar sample as in 2) but annealed at 800 °C for 
three hours (sample a table 3.1).
The points in these profiles were taken from the RBS spectra.
1 2 0 0
DISTANCE (A )
Fig 3.19: shows two profiles of indium.measured from random spectra 
(2xl016ciri2/100 KeV):
1) sample annealed at 800°C for two hours/with encapsulant in 
place (sample a2 table 3.1).
2) a similar sample as in 1) but annealed at 800°C for one hour 
plus 950°C for 30 seconds (sample a^  table 3.1).
Fig 3.20a shows a channelling spectrum of the sample (In+: 
2 x 10^8 cm-2/100 KeV) annealed at 750 °C for two hours with 
encapsulant in place/cap-on (sample a^, table 3.1).
1.5 MeV He+ particles were used for RBS.
532-
Channel Nuaber
Fig 3.20b shows a channelling spectrum of a similar sample
Oto the one in fig 21c, but annealed at 800 C for one hour 
and 950 C for 30 seconds (sample a^, table 3.1).
1.5 MeV He+ particles were used for RBS.
Fig 3.21a shows a random spectrum of an as-implanted sample 
(As*/80 KeV = In+/100 KeV : 2 x 1016 cm"2) (sample d, table
3.3). 1.5 MeV He* particles were used for RBS.
Channel Number
Fig 3.21b shows a random spectrum of a similar sample to
Othe one in fig 22a, but annealed at 650 C for one hour and 
920 °C for 30 seconds with encapsulant in place/cap-on 
(sample d2, table 3.3). 1.5 MeV He* particles were used for 
RBS.
Fig 3.22a displays only indium implanted region o f  the
random spectrum In f i g  3.21a.
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Fig 3.22b displays only indium implanted region of the 
random spectrum in fig 3.21b.
Depth(A)
Fig 3.23: shows two indium profiles taken from random spectra a) of 
the sample (In+ : 2x10q 8 cm-2/100 KeV) annealed at 800°C for one 
hour /cap-etched (sample a4, table 3.1) and b) of the sample 
(As+/80 KeV=In+/100 KeV: 2xl016cm"2) annealed at 650°C for one hour 
and 920°C for 30 seconds /cap-etched (sample d£, table 3.3).
1.5 MeV He+ particles were used for RBS.
Fig 3.24a shows a channelling spectrum of the sample (In* : 
2xl01^ cm-2/100 KeV) annealed at 800 C for one hour with 
encapsulant dissolved in HF/cap-etched (sample a^, table 
3.1). 1.5 MeV He* particles were used for RBS.
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Fig 3.24b shows a channelling spectrum of the sample 
(As*/80 KeV = In*/100 KeV : 2 x 10X^ era”2) annealed at 650
O oC for one hour and 920 C for 30 seconds with encapsulant 
dissolved in HF/cap-etched (sample d^, table 3.3).
1.5 MeV He* particles were used for RBS.
Fig 3.25a displays only indium implanted region of the
channelling spectrum in fig 3.24a.
180- I 800 C/1 hr
a)Single implants
Channel Number
I*?-:
650 °C/1 hr & 920°C/30 secs 
b)dual implants
Channel Number
Fig 3.25b displays only indium implanted region of the channelling spectrum in fig 3.24b.
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Fig 3.26: two volume electron concentration profiles of:
1) sample f3:Se+/300 KeV: lxlO14 cm”2, no indium
2) sample g£:Se+/300 KeV: lxlO14 cm”2 plus
In+/350 KeV: 1.38xl015 cm“2
Oboth annealed at 970 C for 30 seconds.
Fig 3.27: the volume electron concentration profile of 
oamp-lp. d3: As+/80 KaV=In+/100 KeV: 2xl016 era-2 and 
Se+/80 KeV: 5xl014 an-2 
annealed at 650 °C for one hour and 960 C for 30 seconds.
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Table 3,4: Indium concentration in as-implanted samples.
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CHAPTER 4: DISCUSSION
Indium was lost during ion implantation (section 4.2) and in
Hydrofluoric acid (HF) during dissolution of encapsulant (section
4.3). The encapsulants were effective during annealing cycles 
(section 4.4.). Neither rapid thermal annealing using double 
graphite strip heater nor furnace annealing or a combination of 
both could incorporate all of the retained indium in GaAs. The 
quantity of incorporated indium varies as a result of variation in 
parameters such as dose, dual implants of indium & arsenic and
annealing (section 4.5). Indium diffuses during both rapid
thermal and furnace annealing. Diffusion depends on annealing 
temperature, dose and stoichiometry (section 4.6). The crystal 
regrowth of indium implanted layers is discussed in section 4.7 
and the formation of indium metallic islands is dealt with in 
section 4.8.
Selenium was implanted into GaAs previously implanted either by 
indium only or by arsenic & indium (section 4.9). A higher 
electron concentration could be achieved when Se+ ions were 
implanted into previously dual implanted GaAs,
4.1: Introduction
4.2 Loss of indium during ion implantation
There is a loss of indium during ion implantation for doses of 2 
and 4xlO^0cm“2. This can be concluded from the following 
observations. Firstly, the indium concentration in any sample 
implanted with the above doses is almost 3xlO2^ ori0 irrespective 
of indium dose, dual implant condition and indium ion energies 
(100 keV and 280 keV).
The peak indium concentration is always lower than that predicted 
by theory (PRAL). For example, the predicted peak indium 
concentration is about 5.5xlO2^cm”0 and l.lxl022cm”  ^ for indium 
doses of 2x1 O^0 cm”2 and 4x10^0cm”2 respectively. As will be 
discussed in section 4.2.3, outdiffusion and saturation of indium 
concentration are responsible for this constant peak concentration 
rather than sputtering.
The second reason for concluding that loss of indium occurs during 
implantation is that the indium doses measured by the current 
integrator are higher than those measured by RBS. For example, RBS 
measured only about 1.4xlO^0cm”2, while the implant dose was 
2x10^0cm“2, in the sample implanted with indium at 100 keV (table
3.4). Also RBS results showed about 2.7xlO'1-0cm”2, while the 
implant dose was measured as 4xlO^0cm“2, in the sample implanted 
with indium at 280 keV (table 3.5).
A similar situation also exists for dual implants of arsenic and 
indium. In these samples RBS measured about 1.7xlO^0cm“2 and 
1.8xlO^0cm“2, while the implant dose was 2xlO^0cm”2 and 4xlO^0cm”2 
in the samples implanted with arsenic at 80 keV and indium at 100
-1 0 1-
keV respectively. Loss of indium is more pronounced at higher 
doses, because for doses above about 2x10^8cm“2 no extra indium 
can be retained (fig 3.6). Dual implants of arsenic and indium 
with equal doses could not-prevent indium losses.
4.2.1 Causes of indium loss during ion implantation 
Loss of indium during ion implantation may be due to either 
evaporation or sputtering or a combination of both. There are 
important factors (a and b) which must be taken into account in 
order to explain this phenomenon.
a) sputtering yield of implanted layers by indium ions 
The sputtering yield of implanted indium atoms by indium ions can 
be measured by the ratio of implanted indium to retained indium. 
This was measured to be about 1.4 indium atoms per indium ion for 
single implants of indium.
A thickness of 100 A is measured using the Rank Taylor Hobson 
Talystep between the unimplanted and implanted GaAs surface after 
implanting indium at 100 keV to a dose of 4xl0^cm“2.
Because there can be swelling during ion implantation^8), the 
above value cannot measure the exact sputtering yield. The 
sputtering yield can be about one atom (arsenic or gallium) per
Oindium ion using 100 A as sputtered thickness for an indium ion 
energy of 100 keV providing there is no swelling.
The sputtering yield of GaAs can be calculated with over 100% 
inaccuracy using the modified Sigmund model ^ ^). The inaccuracy 
arises mostly because the surface binding energy of the implanted 
region is not known accurately. The sputtering yield can he
-1 0 2-
calculated from SUSPRE (see next section). This was found to be 
about 15 atoms (equal number of arsenic and gallium atoms) per 
indium ion for indium implanted at 100 keV.
b) Substrate temperature
This is measured to be 35°C for the sample implanted with indium 
ions at an ion energy of 100 keV with ion beam current of 4 yoA 
cm”2. This temperature is too low for indium evaporation. No
oindium loss was observed in the sample implanted at 200 C , 
indicating that no evaporation occurred (fig 3.4a).
Nelson^-9^ showed experimentally that the sputtering yield 
increases as the substrate temperature increases in the Bi, Zn, 
Ag,Cu,Au and Ge samples implanted with Xe'!". The same author 
noticed no change in the sputtering yield below 100°C for Bi, 
below 200°C for Zn, below 600°C for Ag and below 700°C for Cu, Au 
and Ge samples.
Thermal spikes may be another possible explanation for the loss of 
implanted atoms ^  ^ other than collisional sputtering. Thermal 
spikes can produce extremely high local temperatures for a short 
time^2£ For example, Thompson et al+-^  studied the 43 keV Xe+ 
implanted gold with an ion beam current of 70 i^A. It was 
calculated by the same authors that the local temperature within a 
radius of 110 A could be increased up to 1750 K with a lifetime of 
10”11 seconds, the substrate temperature being about 500°G. 
Vineyard^ ) and Thompson et have evolved a theoretical
model of the thermal spikes. However, Thompson*-33 ^ stated that in 
metals and semi-conductors a contribution to sputtering by thermal
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sp ik es  i s  not proven and i s  in  fa c t  su b ject to  se r io u s  o b je ct io n s . 
I t  i s  u n l ik e ly  th at therm al sp ik es  p la y  a s ig n if ic a n t  p art in  
in c re a s in g  the sp u tte rin g  y ie ld  in  the present study as the 
su b stra te  temperature was measured to be o n ly  10°C above room 
temperature (2 5 °C ).
4 .2 .2 .Surrey  U n iv e rs ity  Sputter P r o f i le  (SUSPRE)
SUSPRE (see  se c t io n  2 .1 )  is  used in  order to understand the causes  
of indium lo s s  and to  c h a ra c te r is e  the indium co n cen tratio n . Two 
d if fe r e n t  k in d s o f SUSPRE p r o f i le  were c a lc u la te d  in  the present  
stud y. In  the f i r s t  type a sp u tte rin g  y ie ld  i s  assumed in  order to  
f i t  the re ta in e d  indium co n cen tratio n  w h ile  no l im it  i s  assumed 
fo r  the indium co n cen tra tio n . In  the second type i t  i s  assumed 
th at the maximum indium co n cen tratio n  i s  3 x l021cm“ 3 and th at the  
sp u tte rin g  y ie ld  i s  one atom per indium io n  (equal number o f  
g alliu m  and a rse n ic  atom s). These correspond to va lu es measured 
exp erim en ta lly  and d iscu ssed  in  the previous s e c t io n .
SUSPRE assumes th at once the indium concentration  approaches i t s  
l im i t ,  indium w i l l  be lo s t  from the b u lk .
Four SUSPRE p r o f i le s  fo r  two d if fe re n t  ion  en erg ies o f 100 keV and 
280 keV are  shown in  f ig  4 .2  and 4 .3  re s p e c t iv e ly .
F ig .4 .2  compares the experim ental indium p r o f i le  w ith  theory  
(PRAL) and two SUSPRE p r o f i le s .  For curve B each indium ion  (100 
keV In +) i s  assumed to sp u tte r  15 a rse n ic  and g a lliu m  atoms from 
GaAs (equal number o f a rse n ic  and g alliu m  atoms) during  
im p lan tatio n . T h is  i s  the b est f i t  a v a ila b le  to the re ta in ed  dose
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assuming there  i s  no l im it  to the indium co n cen tratio n . In  curve C 
each indium io n  (100 lceV In +) i s  assumed to  sp u tte r one atom 
(equal number o f a rs e n ic  and g allium  atoms) during ion  
im p lan tatio n . T h is  sp u tte rin g  ra te  corresponds to the one measured 
exp erim en ta lly  and mentioned in  the previous s e c t io n . The maximum 
con cen tratio n  i s  assumed to  be 3 x l02qcm“ 8 which corresponds to  the 
va lu e  measured exp erim en ta lly  and mentioned in  the p rev ious  
s e c t io n .
F ig .4 .3  compares the experim ental and th e o re t ic a l (PRAL) indium  
p r o f i le s  w ith  two SUSPRE p r o f i le s .  For curve D each indium ion  
(280 keV In * )  i s  assumed to sp u tte r 27 a rse n ic  and g allium  atoms 
from GaAs (equal number o f a rse n ic  and g a lliu m  atoms) during  
im p lan tatio n . T h is  i s  the b est f i t  a v a ila b le  to the re ta in ed  dose 
assuming there  i s  no l im it  to the indium co n cen tratio n . In  curve E  
each indium io n  (280 keV In +) i s  assumed to sp u tte r one atom from 
GaAs (equal number o f  a r s e n ic  and g allium  atoms) during ion  
im p lan tatio n . T h is  sp u tte rin g  ra te  corresponds to the one measured 
w ith  energy o f 100 keV and mentioned in  the p rev ious s e c t io n . The 
maximum co ncentratio n  i s  assumed to be 3 x l02qcm“ 8 , which  
corresponds to  the measured va lu e  mentioned in  se c t io n  4 .2 .
The c a lc u la te d  p r o f i le s  C and E , in  which the param eters are  
measured exp erim en ta lly , a re  s im ila r  to the RBS p r o f i le s  in  some 
re g io n s . The re ta in ed  indium dose in  the c a lc u la te d  p r o f i le s  i s  
alm ost the same as the experim ental ones. Curve C i s  s im ila r  in  
the reg ion  from the su rfa ce  up to near the p ro jected  range but 
d is s im ila r  in  other re g io n s . In  c o n tra s t , curve E i s  s im ila r  in  
the reg io n  from the p ro jec ted  range towards the bu lk  and
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d is s im ila r  near the su rfa ce .
Curves B and D where lo s s  o f indium i s  assumed to be due o n ly  to  
sp u tte rin g  do not appear r e a l i s t i c  because o f t h e ir  d is s im i la r i t y  
to the RBS p r o f i le s  and because the assumed sp u tte rin g  y ie ld s ,
i . e .  15 and 27 atoms per indium io n , a re  extrem ely high fo r  ion  
en erg ies o f  100 keV and 280 keV. For the above y ie ld s ,  th ick n esses
O O
o f about 1500A and 2400A should be removed from GaAs in  samples 
im planted to  doses o f 4xlO^0cm“2 at 100 keV and 280 keV 
r e s p e c t iv e ly . In  the former sample on ly  a th ick n ess  o f about 300A 
was in  fa c t  removed. T h is  was measured by adding the th ick n ess
O
measured by ta ly s te p , i . e .  100A, (see  p rev ious se c tio n ) to the  
sw e llin g  th ick n ess  (200A) ca lc u la te d  by SUSPRE. T h is  i s  the  
maximum sw e llin g  before  the sp u tte rin g  ra te  reaches a steady  
s t a t e , a f t e r  which the same indium concentration  th at i s  implanted  
i s  sp u ttered . Therefore sp u tte rin g  cannot alone be resp o n sib le  fo r  
the lo s s  o f indium. The p rocess might be b e tte r  exp lained  as  
fo llo w s . There i s  some evidence th at indium may d if fu s e  during ion  
im p lantation  as w i l l  be d iscu ssed  in  se c t io n  4 .2 .3 .  A h igh  
proportion  o f indium atoms m igrate towards the su rface  and are  
sputtered  p r e f e r e n t ia l ly  by indium io n s . When the indium  
con cen tratio n  a t the su rfa ce  reaches 2 x l0 2 c^m~8 i t  cannot be 
in creased  any more, i . e .  when t h is  va lue  i s  reached the same 
indium co ncentratio n  th a t i s  im planted i s  sp u ttered . T h is  va lu e  o f  
indium co ncentratio n  on the su rface  a lso  corresponds to the  
maximum indium co n cen tratio n  (3 x l0 2 c^m~3) w ith  a lo s s  ra te  o f 1 .4  
indium atoms per indium io n . (see  se c tio n  4 .2 ,1 ) .
I t  w i l l  be c le a r  from the next few se c tio n s  th at sa tu ra tio n  o f  the
-106-
indium co ncentratio n  i s  a ls o  due to s o lid  s o lu b i l i t y  and out-  
d if fu s io n  o f indium . In  f a c t ,  sa tu ra tio n  o f indium concentration  
i s  reached before sp u tte rin g  becomes the dominant process i . e .  
before sp u tte rin g  a r r iv e s  a t  the steady s t a t e . However, i t  was 
suggested by other authors that fo r some ions such as  
bismuth^88, 7^ ) and a rg o n ^ 8) sp u tterin g  (e ro sio n ) i s  s o le ly  
re sp o n sib le  fo r  the reach ing  o f the sa tu ra tio n  le v e l ,  and t h is  i s  
exp lained  as fo llo w s; the implanted ions remove GaAs su rface  
la y e r s  from the i n i t i a l  su rfa ce  up to the p ro jected  range Rp 
(shown in  diagram 4 .1 )  a f t e r  which stage no fu rth e r  ions are  
re ta in e d  (stea d y  s t a t e ) .  In  c o n tra s t , C a r t e r ^ )  study of
krypton im planted GaAs considered  other p ro cesses such as knock 
on and enhanced d if fu s io n  to be a lso  resp o n sib le  fo r  the 
sa tu ra tio n  o f the im planted co n cen tratio n . T h is  im p lie s  that ions  
sp u tte r the im planted io n s without removing a s ig n if ic a n t  GaAs 
su rfa ce  la y e r .  T h is  was a ls o  observed fo r indium im plants in  the  
present study.
Diagram 4,1: A distance x— Rp is removed from 
Vie material by sputtering.’
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4.2.3 Solid solubility and diffusion of indium
The term o f s o l id  s o lu b i l i t y  i s  used in  the p resent d iscu ss io n  to 
r e fe r  to e ith e r  the maximum indium concentration  or to the maximum 
su b s t itu t io n a l indium co n cen tratio n . The former concept i s  
d iscu ssed  h e re a fte r , the l a t t e r  i s  d iscu ssed  in  se c t io n  4 .5 .
a) maximum indium co ncentratio n
The most l i k e l y  va lue  fo r  the l im it  o f s o l id  s o lu b i l i t y  o f indium  
appears to  be 3x1021 cm™3 . During io n  im p lan tatio n , the maximum
oi _o
indium con cen tratio n  can not exceed 3x10^ -*- cm . The r a t io  o f  
maximum indium d e n s ity  (3 x l0 21cm~3) to g a llium  d e n s ity  
(2 .2 1 x l0 22cm“3) i s  0 .1 3 6 . T h is  va lue  i s  the segregation  
c o e f f ic ie n t  in  the s o l id  phase i . e .  s o l id - s o l id  regrowth. The 
seg reg ation  c o e f f ic ie n t  in  the l iq u id - s o l id  re  growth was measured 
to be 0 .167 ( f ig  3 .7 ) .  T h is  va lu e  i s  co n s iste n t w ith  a va lue  o f  
0 .2 -0 .3  p red icted  from te rn a ry  phase d ia g ra m ^ *  ^ X»^2£  0.136 and 
0.167 are  a lso  comparable to the e f fe c t iv e  segregation  c o e f f ic ie n t  
K0f f ,  0 .1 3 ^ 3) and 0 .1 1 8 ^ 4 )„  Another in d ic a t io n  th at indium  
reaches the l im it  o f  s o l id  s o lu b i l i t y  i s  th at the peak indium  
co n cen tratio n  fo r  both doses o f  2X101 c^m” 2 and 4x101  ^cm™2 
im planted a t  100 keV i s  the same. The peak indium concentration  i s  
a ls o  the same fo r  indium e ith e r  im planted a t 100 keV ( f ig  3 .1 )  or 
a t 280 lceV ( f ig  3 .2 ) .  T h is  suggests th at once the indium  
co n cen tratio n  approaches 3 x l0 21cm” 3 indium d if fu s e s  in to  the  
reg ion  w ith  a lower co n cen tratio n  o f indium (see  se c t io n  4 .2 .4 ) .  
The f la tn e s s  o f  the p r o f i le  near the p ro jected  range in  f ig  3 .4 a
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i s  due to d if fu s io n  fo r  the sample im planted to a dose o f  
7xl018cm“ 2 a t 200 °C (see  se c t io n  4 .2 .4 ) .  For h ig h er doses, the  
indium p r o f i le  i s  a lso  f l a t  near the su rface  ( f ig  3 .2 ) ,  showing 
th at indium o u td iffu se s  to  the reg ions near the su rface  which 
have a lower co n cen tratio n  and a high d e n s ity  o f d efects  (see  
se c t io n  4 .2 .4 ) .  O u td iffu s io n  a ls o  takes p lace  during encapsu lation
Ow h ile  the su b stra te  tem perature i s  ra ise d  to 635 C fo r  17 seconds 
(see  se c t io n  4 .6 .2 ) .  Furtherm ore, indium re ta in ed  a f te r  io n  
im p lantation  cannot a l l  be incorporated  in  GaAs e ith e r  by long  
annealing  in  a furnace or ra p id  thermal annealing  in  a g raph ite  
s t r ip  h e a te r . Hence a la rg e  q u an tity  o f indium becomes non 
s u b s t itu t io n a l (see  se c t io n  4 .5 ) .
4 .2 .4  D iffu s io n  o f indium during  io n  im plantation  
There i s  strong  evidence th a t indium d iffu s e s  during ion  
im p lan tatio n . The f l a t  indium p ro f i le  o f as-im planted  samples 
( f ig  3 .4 a  and 3 .2 ) appears due to d if fu s io n  ra th e r  than  
sp u tte r in g . T h is  i s  concluded by observing the f la tn e s s  o f  the  
indium p r o f i le  around the p ro jected  range in  f ig  3 .4a  where the 
sample was im planted to a dose o f 7xl0^cm “ 2 , a t  200°C su b stra te  
tem perature. In  t h is  sample the indium p r o f i le  i s  f l a t  even 
without any lo s s  o f  indium . The f la tn e s s  in  absence o f lo s s  o f  
indium in d ic a te s  the presence o f d if fu s io n  ra th e r  than  
sp u tte r in g . Indium may o u td iffu se  because o f d e fe cts  created  
during io n  im p lan tatio n . O u td iffu sio n  i s  c le a r ly  demonstrated 
during annealing  a t 635°C (see  se c tio n  4 .6 .2 ) .  As a lre a d y  
d iscu ssed  in  the prev ious se c t io n  indium a lso  appears to d if fu s e
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once i t s  con cen tratio n  approaches 3 x l02 -^ cm- 0 . W inters
d iscu ssed  a s im ila r  behaviour to  indium d if fu s io n  in  the N* 
im planted tungsten sample. In  t h is  study, the n itro g en  re ta in ed  
dose could not exceed 9x10^  cm” 2 when the sample was im planted  
w ith  450 eV ion  energy. Furthermore indium was found in  other 
s tu d ie s  to d if fu s e  a t  r e la t iv e ly  low tem peratures. For example, 
S ta f f  e l  e t a l^ 00) stud ied  indium d iffu s io n  in  GaAs by P o lar Angle 
Resolved Photoem ission (PARP) and found th at indium deposited on 
GaAs in d if fu s e s  fo r  se v e ra l monolayers a t around room tem perature. 
A lso  indium used on co n tacts to GaAs p en etrates s ig n if ic a n t ly  
during a llo y in g  at tem peratures o f about 650°C fo r  f if t e e n  
m inutes (see  se c t io n  4 .6 .1 ) .  SIMS a lso  shows th at indium p r o f i le  
i s  skewed in  the t a i l .  F ig u re s  3.1 and 3 .2  show indium p r o f i le s  
measured by SIMS fo r  ion  energ ies o f 100 keV and 280 keV 
r e s p e c t iv e ly . Indium i s  p resent outside the reg io n  that can be
o
measured by RBS, i . e .  over 1600 A below the su rfa ce  in  f ig  3 .1  
0
and over 3000 A below the su rfa ce  in  f ig  3 .2 . T h is  skewed p r o f i le  
o f indium , more pronounced in  f ig  3 .2 , i s  due to d if fu s io n  ra th e r  
than being a SIMS a r t i f a c t  or the r e s u lt  o f ch an n e llin g  as i t  can  
be concluded by observing the RBS ch an n e llin g  spectrum ( f ig  
3 .3 b ) . In  t h is  spectrum the im planted la y e r  i s  p a r t ly  amorphized 
and p a r t ly  n o t. The p art th at i s  not amorphized i s  near the end o f  
the im planted la y e r .  T h is  i s  because annealing i s  tak ing  p lace  in  
t h is  reg ion  and prevents the im planted la y e r  from being com pletely  
amorphized. An incom plete am orphization takes p la ce  a lso  w ith  
a rse n ic  io n s  im planted a t 80 keV to  a dose o f 2xlO^-0cm” 2 . For such  
a dose am orphization i s  expected (computer s im u la t io n ). Annealing
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Annealing c y c le s  during io n  im p lantation  are  a ls o  observed by  
W illiam s e t a i ( 67,68) stud ied  GaAs im planted w ith  Ar+ at
d if fe r e n t  su b stra te  tem peratures (room tem perature, s l ig h t ly  
e levated  temperature <70 °C and l iq u id  n itro g en  tem perature). 
D iffu s io n  may depend on io n  energy and io n  beam cu rren t or a 
combination o f both. In c re a se  o f ion  energy and io n  beam cu rren t  
w i l l  in c re a se  the su b stra te  temperature^8^ ). For example, the 
su b stra te  temperature in  the sample in  f ig  3 .5  (280 keV In +) can 
be in creased  by a fa c to r  o f 2 .8  compared w ith  th at in  the sample 
in  f ig  3 .2 , in  which the su b stra te  temperature i s  measured to he 
35°C a t 100 keV w ith  an io n  beam cu rren t o f about 4 p k  cm”2 (the  
io n  beam cu rren t used fo r  the sample im planted a t  280 keV was 
between 12 to 3^uA). The d if fe r e n t  ion  energy and io n  beam cu rren t  
o f the samples in  f ig  3 .2  i s  ca lc u la te d  to r a is e  the su b stra te  
temperature to a t le a s t  100°C . I t  has a lre a d y  been shown in  t h is  
se c t io n  th at indium d if fu s e s  a t  200°C su b stra te  temperature ( f ig
3 .4 ) .  Therefore  100°C su b stra te  temperature may be e f fe c t iv e  in  
the d if fu s io n  o f indium . In  order to observe the e f fe c t  o f  
su b stra te  temperature on d if fu s io n , io n  im p lantation  on co ld  stage  
( l iq u id  n itro g en ) i s  re q u ire d . To observe the e f fe c t  o f SIMS 
a r t i f a c t  a t  the t a i l  o f  indium p r o f i le ,  the fo llo w in g  experim ents 
are  req u ired : samples im planted w ith  indium a t  280 keV must be
o
etched in  step s o f 400 A, then a s e r ie s  o f indium p r o f i le s  by SIMS 
w i l l  be ab le  to  determ ine the p r o f i le  o f indium in  the t a i l  more 
a c c u ra te ly .
may cause indium to diffuse.
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4 .3  Lo ss  o f  indium in  H yd ro flu o ric  (HF) a c id  
Some o f the im planted indium atoms are  d isso lv e d  in  H yd ro flu o ric  
(HF) a c id . The q u a n tity  o f  indium d isso lv e d  depends on annealing  
co n d itio n s and dose.
HF d is s o lv e s  almost a l l  im planted indium i f  no annealing  c y c le  i s  
used ( f ig  3 .6 b ) . F ig  3.6b a ls o  shows th at h y d ro flu o ric  (HF) a c id  
can o n ly  d is so lv e  damaged or amorphized la y e r s .  HF a ls o  d is s o lv e s  
amorphized la y e rs  in  s i l i c o n * - T h e  ch an n e llin g  spectrum ( f ig  
3.10b) shows th at in  the sample w ith  the encapsulant in  p lace  
there  i s  a h igh  co n cen tratio n  o f  non s u b s t itu t io n a l indium. T h is  
i s  because some indium has formed m e ta ll ic  is la n d s  (see se c t io n
4 .8 ) .  A fte r  d is s o lv in g  the encapsu lants in  h y d ro flu o r ic  (HF) a c id  
the q u a n tity  o f non s u b s t itu t io n a l indium or m e ta ll ic  is la n d s  i s  
reduced ( f ig u re s  3.10a and 3.10b ) .
L e ss  indium i s  d isso lv e d  in  HF a c id  fo r  the samples annealed a t  
high tem peratures fo r  longer tim es, as shown in  tab le  3 .6 . For  
example, le s s  indium was d isso lv e d  in  the sample implanted w ith  
indium and a rse n ic  to equal doses o f lx lO 1  ^ cm” 2 and then annealed  
at 950°C fo r  30 seconds p lu s  800°C fo r  one hour than in  a s im ila r  
sample annealed o n ly  a t  950°C fo r  30 seconds. In  the above 
sam ples, l x l0 13cm” 2 and 3x1O1 c^m” 2 were d isso lv e d  out o f  
8 .5 x l0 13cm”2 indium re s p e c t iv e ly .
The q u a n tity  o f indium d isso lv e d  a lso  depends on the dose. Thus 
fo r  the samples which have been ra p id  thermal annealed o n ly , the  
h ig h er the im planted indium dose, the h ig h er the q u a n tity  o f  
indium d isso lv e d  in  HF a c id . For example, fo r  the same annealing  
c y c le  o f 950°C fo r  30 seconds, the sample im planted w ith  a h ig h
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dose o f indium lo s t  1.4xlO ^0c n f2 out of 2.7xlO'*-0crri2 (ta b le  3 .5 ) ,  
w h ile  the sample im planted w ith  a low dose o f indium and a rse n ic  
lo s t  3x10^  cm” 2 out o f 8 . 5xl(D^ cm”2 (ta b le  3 .6 ) .  T h is  could be 
exp lained  by the com paratively  fewer vacan cies a v a ila b le  fo r  such  
a h igh  indium co n cen tratio n . Hence there w i l l  be a high non 
s u b s t itu t io n a l indium q u a n tity  which i s  d isso lv e d  in  HF a c id .  
Another p o ss ib le  exp lan atio n  i s  the c re a tio n  o f subvacancies by  
a r s e n ic , which was im planted o n ly  in  the sample w ith low indium  
doses (see  se c t io n  4 .5 .2 ) .  However, i t  i s  shown th at when indium  
and a rse n ic  a re  im planted to  h igh doses, a h igh proportion o f  
indium i s  s t i l l  d isso lv e d  in  HF. For example: lx lO ^ cm ” 2 out o f  
1.7xlO^-0 cm*"2 (ta b le  3 .8 )  was d isso lv e d  in  HF in  the sample 
im planted w ith  a rse n ic  and indium to equal doses o f 2xlO'1-0crri2 and 
annealed a t 650°C fo r  one hour p lu s  920°C fo r  30 seconds. In  order 
to in co rp o rate  a l l  o f the indium in  t h is  sample a h ig her annealing  
temperature may be req u ired , as w i l l  be d iscu ssed  in  se c t io n  
4 .5 .2 .  L e ss  indium or in  some cases  no indium was d isso lv e d  in  HF 
in  the samples annealed a t a h igh annealing temperature (800°C) in  
a fu rn a ce . For example, fo r  the same annealing  temperature o f  
800°C, no indium was d isso lv e d  in  HF in  the sample annealed fo r  
two h o urs, whereas lx lO ^ cm ” 2 out o f 6x10^-’em” 2 indium was 
d isso lv e d  in  the sample annealed fo r  one hour. However, some 
indium i s  lo s t  in  the b u lk  because o f in d if fu s io n  in  these  
samples (see  se c t io n  4 .5 .1 ) .
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4 .4  encapsu lates
4 .4 .1  SigtST/j encapsulant
The S i3N4 la y e rs  c o n st itu te  an e f fe c t iv e  encapsulant in  the  
annealing  p ro cess . Indium does not o u td iffu se  in to  the S i3N4 
encap su lant. T h is  i s  shown by the fa c t  th at the su rface  energy o f  
indium in  the RBS sp e ctra  has sh if te d  to a lower channel in  the  
cap-on (w ith  encapsu lant) samples compared to both the cap-etched  
and the as-im planted  sam ples. T h is  s h i f t  corresponds to the 
encapsulant th ick n ess  in d ic a t in g  th at there  i s  no indium in  the 
encap su lant. The above o b servations were made in  samples implanted  
w ith  d if fe re n t  doses and having undergone d if fe r e n t  annealing  
c y c le s  (see  fo r  example f ig u re s  3 .10 and 3 .2 1 ) .
The a rse n ic  su rface  peaks have disappeared in  the ch an n e llin g  
sp e ctra  o f the samples which were annealed w ith  s o le ly  a S i3N4 
encapsulant (see  se c t io n  4 .7 .2 ) .  w h ile  they are  v is ib le  fo r  the  
samples e ith e r  annealed during S i3N4 encap su lation  (low annealing  
tem perature/see se c t io n  4 .7 .1 )  or when a dual encapsulant o f  S i3N4 
& AIN was used (see  next s e c t io n ) .
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The dual encapsulant i s  e f fe c t iv e  fo r  samples implanted w ith  
equal indium and a rse n ic  doses o f lx lO ^ c n T 2 , a s  a l l  the indium  
atoms become s u b s t itu t io n a l a f te r  annealing  a t 950°C fo r  30 
seconds p lu s  800°C fo r  one hour ( f ig  3 .16 and ta b le  3 .6 ) .  
S im ila r ly  the encapsulant i s  e f fe c t iv e  in  a s im ila r  sample 
annealed a t  950°C fo r  30 seconds. T h is  i s  a lso  shown by 
Photoluminescence (PL) as most indium i s  incorp orated  in to  the  
GaAs la t t i c e  (see  se c t io n  4 . 5 . 2 . ) .  The a rse n ic  su rface  peak i s  
v i s ib le  in  the sample annealed w ith  a dual encapsulant ( f ig  3 .16 )  
co n tra ry  to what was seen in  the previous s e c t io n  fo r  samples 
annealed w ith  a s in g le  en cap su lant. T h is  may be due e ith e r  to  a 
b e tte r  sto ich io m etry  produced by dual im plants or to a lower 
co n cen tratio n  o f im planted atoms r e la t iv e  to the samples which  
were annealed w ith  s o le ly  a SigN^ encapsulant (see  prev ious  
s e c t io n ) .
4.4.2 Si?N/, & AIN encapsulant
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4 .5  Indium atoms on the l a t t i c e  s i t e s
Only about 3 x l0 2^cnT8 o f indium can be re ta in ed  in  GaAs as a lread y  
d iscu ssed  in  se c t io n  4 .2 . Annealing c y c le s  cannot ach ieve the  
in co rp o ra tio n  o f a l l  re ta in e d  indium atoms u sing  e ith e r  ra p id  
therm al annealing  or furnace annealing  or a combination o f both. 
The q u a n tity  o f  incorp orated  indium depends on annealing  
co n d it io n s , dose and sto ich io m etry .
4 .5 .1  Annealing
a) ra p id  therm al an n ea lin g :
The re ta in ed  indium dose i s  measured by RBS to be 2 .7 x l ( / 8c n f2 
(see  ta b le  3 .5 ) fo r  the sample implanted w ith  indium a t 280 keV to  
a dose o f 4x10^8cm” 2 . Annealing a t  635°C fo r  17 seconds during  
en cap su latio n  f a c i l i t a t e s  the in co rp o ra tio n  o f  almost the same 
q u a n tity  th a t can be in co rp o rated  by annealing  a t 950°C fo r  30 
seconds. But ch an n e llin g  sp e ctra  in  f ig u re s  3 .10a , 3.10b and 3.11  
show th at there  i s  damage in  the e n t ire  im planted reg ion  fo r  the  
sample annealed during en cap su latio n  a t 635°C . The reason fo r  t h is  
w i l l  be d iscu ssed  in  se c t io n  4 .7 .  The maximum indium that can be 
incorporated  fo r  the above sample i s  about l . l x lO ^ c n f 2 (ta b le
3 .5 ) .
b) annealing  in  fu rn a ce :
The re ta in ed  indium dose i s  measured by RBS to be 1.39x10 cm 
(see ta b le  3 .7 )  fo r  the sample im planted w ith  indium at 100 keV to  
a dose o f 2xlO-**0c ir i2 . In  t h is  type o f sample, more indium atoms 
are  incorporated  in  the sample annealed a t 800°C fo r  one hour p lu s  
950°C than in  the sample annealed a t 750°C fo r  two hours. T h is  i s  
shown in  the ch an n e llin g  sp e ctra  o f f ig u re s  3.20a and 3.20b  
( ta b le  3 .7 ) .  Even more indium atoms are incorporated  when the  
sample i s  annealed a t 800°C fo r  two or three ho urs. The d iffe re n c e  
in  indium in co rp o ra tio n  between two or th ree  hours a t  800°C i s  
not s ig n if ic a n t .  The maximum incorporated  indium in  the samples 
d iscu ssed  above i s  5 .7x10^'’em-2 fo r  the sample annealed a t 800°C 
fo r  two hours (ta b le  3 .7 ) .
4 .5 .2  Dose and sto ich io m etry
I t  i s  concluded from the r e s u lt s  o f tab le  3 .5  (s in g le  im plants) 
and ta b le s  3 .6  (dual im p lants) that dual im plants o f  low dose 
(lx lO -^ c ir i2 ) proved to  be su p e rio r to s in g le  im plants o f high dose 
(4xlO^0 cm” 2) as w i l l  appear from the fo llow ing  d isc u ss io n .
a) dual im plants w ith  low dose
7.5xlO^0cm” 2 become s u b s t itu t io n a l out o f 8.5xlO^0cm” 2 re ta in ed  
indium in  the sample im planted to  a dose o f  lx lO ^ c r r i2 and 
annealed a t  950°C fo r  30 seconds p lu s  800 °C fo r  one hour. The
O Q  , _ 0
maximum indium co n cen tratio n  in  t h is  sample i s  3 .5 x 1 0 ^  cm 
th erefo re  a Gao.984In 0.016As l ay e r i-s  sy n th e sise d . There i s  a lso  
fu rth e r  evidence th at indium in  dual im planted samples i s
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incorporated  more r e a d ily  as the second and th ir d  peaks in  the
Photoluminescence (PL) spectrum are  due to the energy band gap o f
syn th esised  GalnAs la y e r s .  The energy band gaps o f  GalnAs la y e rs
are  g iven in  tab le  3 .14  fo r  the samples annealed a t 950°C fo r  30
seconds. The energy band gaps o f these la y e rs  were measured from
the Photoluminescence (PL) spectrum and were found to be 1 .464 eV
and 1.452 eV fo r  indium concentration  o f 2 x l0 2Gcm~2 and 
20 —23.5xl0^ ucm r e s p e c t iv e ly . The re la t io n sh ip  between energy band 
gap E (x ) and mole f ra c t io n  x can be w ritte n  as a s t ra ig h t  l in e  fo r  
sm all v a lu e s  o f x^71£  T h is  re la t io n s h ip  i s  g iven by the fo llow ing  
e m p irica l equation:
E (x ) = 1 .507 -  4.222x
b) s in g le  im plant w ith  h ig h  dose o f indium
in  the s in g le  im planted sample, o n ly  l . lx lO ^ c m ” 2 out o f a dose o f  
1 —72 .71x10 cm re ta in ed  indium becomes s u b s t itu t io n a l in  the sample 
im planted a t  280 keV to a dose o f 4xlOX c^m” 2 (ta b le  3 .5 ) .  T h is  
sample was annealed a t 950°C fo r  30 seconds ( f ig  3 .12b , 3 .1 3 b ). In  
the dual im planted sample, le s s  indium i s  d isso lv e d  in  
h y d ro flu o r ic  a c id  because more indium was inco rp o rated , as  
d iscu ssed  in  the p rev ious s e c t io n . However, no d e f in ite  
co n clu sio n  can be in fe rre d  on t h is  b a s is  on the advantages o f dual 
im plants over s in g le  im p lan ts, because the doses im planted are  
d if fe re n t  in  the two c a s e s . A more accu rate  p a r a l le l  w i l l  be drawn 
below, when d isc u ss in g  s in g le  and dual im planted samples im planted  
a t 100 keV to an equal dose o f 2x l01 c^m“ 2.
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c ) dual and s in g le  im plants w ith  the same dose o f indium
the maximum q u a n tity  o f  s u b s t itu t io n a l indium i s  found in  the dual 
im planted sample in  which 5.5x1 ( / 8 cm” 2 becomes s u b s t itu t io n a l out 
o f a dose o f 6 .6x l0^ 8cm” 2 ; t h is  sample was im planted w ith  a rse n ic  
(80 keV) and indium (100 keV) to  equal doses o f 2x l018cm”2 and 
annealed a t  650°C fo r  one hour p lu s 920°C fo r  30 seconds (ta b le
3 .8 ) .
In  the s in g le  im planted sample, on ly 2 .6 x l0 1'5cnf 2 becomes 
s u b s t itu t io n a l out o f a dose o f 5. l x l  8 cm” 2 . T h is  sample was 
im planted to a dose o f 2x10^8cm”2 and follow ed an annealing  c y c le  
o f 800°C fo r  one hour (ta b le  3 .8 ) .  Random sp e ctra  of both dual 
and s in g le  im planted samples in  f ig u re  3 .23 shows h y d ro flu o ric  
(HF) a c id  d is s o lv e s  le s s  indium in  the dual im planted sample. The 
ch an n e llin g  sp e ctra  in  f ig u re s  3 .24a and 3.24b o f  the same samples 
show that there  i s  a lso  more s u b s t itu t io n a l indium in  the dual 
im planted sample. The maximum s u b s t itu t io n a l indium co ncentratio n  
i s  8 .2 x l0 2Gcm” 8 and 1 .2 x l0 2 c^m“8 fo r  s in g le  and dual im planted  
samples re s p e c t iv e ly , which correspond to the sy n th e s is  o f  two 
d if fe re n t  la y e rs  o f GaQ. 963109 , 0 37^  Ga0 .946 In 0.054A s*
w i l l  be d iscu ssed  in  se c t io n  4 .9  dual im plants a re  a ls o  e f fe c t iv e  
in  a c t iv a t in g  selenium  im p lan ts.
Even though in  the dual im planted samples a h ig h er proportion o f  
s u b s t itu t io n a l indium i s  found in  comparison to s in g le  im plants 
(ta b le  3 .8 ) ,  two problems remain that have a lre a d y  occurred in  
s in g le  im p lan ts. F i r s t l y ,  not a l l  o f  the re ta in e d  indium becomes 
s u b s t itu t io n a l. Secondly, HF d is s o lv e s  some indium w ith  the 
en cap su lan t.
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The above problems may be e lim inated  i f  a h ig her annealing  
tem perature i s  used . I t  i s  not p o ss ib le  to in co rp o rate  more than  
50% o f As in  GaAs, u n le ss  the annealing temperature i s  ra ise d  to  
about 1400 K as shown in  the p red icted  GaAs so lid u s  curve ( f ig
4.4)<72>. 
t  (k i
Fig 4.4: Predicted G a A s  solidus curve.
From the above d isc u s s io n , i t  appears th a t the s u b s t itu t io n a l  
s o l id  ...so lu b ility  o f indium in  the implanted reg ion  has been 
in creased  fo r  dual im planted sam ples. I t  i s  w e ll known th at the  
s o l id  s o lu b i l i t y  can be in creased  above eq u ilib riu m  s o l id  
s o lu b i l i t y  by ion  im p lan tatio n ^7 3 \
For example, in  s i l i c o n  the eq u ilib riu m  s o l id  s o lu b i l i t y  o f indium
i s  8x l017cnT3 *-7^^  which i s  in creased  to 5 x l01  ^ cm” 3 or 2 x l02Gcm“ 3
by u sin g  ion  im p lan tatio n . The d iffe re n c e  may be due to d if fe re n t
annealing  co n d it io n s . In  GaAs, W illiam s^73  ^ reported  a maximum
s u b s t itu t io n a l co n cen tratio n  o f about lx l0 21cm“ 3 in
Te*:3 x 1 013cm”2/100 keV im planted GaAs w afer. I t  was suggested by
91 —Bthe same author th at 1x10 Lcm i s  almost c e r t a in ly  above the 
e q u ilib riu m  s o l id  s o lu b i l i t y  l im it  o f T e llu riu m  in  GaAs, d esp ite  
la c k  o f r e l ia b le  s o lu b i l i t y  d ata . A s im ila r  s itu a t io n  e x is t s  in  
the case  o f indium in  GaAs as the maximum s u b s t itu t io n a l  
s o lu b i l i t y  has in creased  from 8 .2 x l0 2Gcm” 3 in  the s in g le  im planted  
sample to 1 .2 x l0 21cm” 3 in  the dual implanted sample. Therefore the 
l im it  o f  s o l id  s o lu b i l i t y  can be in creased  above 1 .2 x l0 21cm” 3 i f  
In *  and A s* are  im planted together or are im planted se p a ra te ly  and 
c o n se cu tiv e ly  to lower doses and fo llo w  annealing  c y c le s  before  
the next im p lantation  i s  c a r r ie d  out. The former so lu t io n  i s  not 
yet p o s s ib le . The la t t e r  re q u ire s  long p ro cess in g  tim es fo r  h igh  
d oses, as the samples must be annealed before each im p lan tatio n . 
The o n ly  p r a c t ic a l  a lte rn a t iv e  i s  to im plant indium and a rse n ic  
co n se cu tiv e ly  to a low dose and to anneal during io n  im p lantation  
u sin g  an hot stag e . The maximum s o l id  s o lu b i l i t y  o f indium can be
4.5.3. Substitutional solid solubility
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in creased  i f  a l l  im planted indium i s  incorporated  before i t  
e ith e r  forms m e ta ll ic  is la n d s  or o u td iffu se s  towards the su rface  
and i s  sputtered  (s e c t io n  5 .2 ) .
4 .6  Indium d iffu s io n  during annealing
Indium d iffu s e s  during annealing  in  the furnace a t  750°C or 800°C 
fo r  two hours and during  ra p id  thermal annealing  a t 635 °C fo r  17 
seconds in  the samples im planted w ith  indium o n ly . Indium a ls o  
d iffu s e s  during annealing  a t 650°C fo r  one hour p lu s  920°C fo r  30 
seconds in  the samples im planted w ith  both a rse n ic  and indium.
4 .6 .1  Annealing in  furnace
Indium in d if fu s e s  during annealing  in  the furnace in  the samples 
e ith e r  annealed a t 800°C fo r  two or three  hours ( f ig  3 .18) or 
annealed a t 800°C fo r  one hour p lu s 950°C fo r  30 seconds 
( f ig  3 .1 9 ) . Indium a ls o  in d if fu s e s  in  the sample annealed a t 750°C 
fo r  two ho urs.
In d if fu s io n  o f indium in  the samples o f f ig u re s  3 .18 and 3.19 i s  
in fe rre d  from the fo llo w in g  co n s id e ra tio n s . F i r s t l y ,  the indium
o
p r o f i le  in  the annealed sample has sh if te d  about 190 A deeper in to  
the b u lk  compared to the as-im planted sample. Secondly, the  
q u a n tity  o f  indium in  the as-im planted  sample and cap-on sample i s  
not the same in d ic a t in g  e ith e r  that there has been lo s s  o f indium  
during annealing  or th a t indium i s  not being d etected  by RBS. As 
the encapsulant stops indium from evaporating (see  se c t io n  4 .4 .1 )  
and indium does not evaporate during en cap su latio n  and as there  
i s  no in d ic a t io n  o f encapsulant f a i lu r e ,  t h is  apparent lo s s  o f
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indium must be due to indium in d if fu s io n  f a r  from the su rfa c e . 
Indium s ig n a ls  can be e ith e r  low or mixed w ith  the background, 
hence out o f d ete ctio n  by RBS.
0
Indium was found to  d if fu s e  up to 6500 A from the su rface  by  
Shealy^78’ 77) u sing  SIMS. In  the above study indium was deposited  
onto GaAs and then annealed a t  650°C fo r  15 m inutes.
The d i f f u s iv i t y  o f  indium can be c a lc u la te d  from a sim ple  
e x p ressio n : L=(Dt)^  
where L= d if fu s io n  length  
t= time o f annealing  
D= d i f f u s iv i t y
D = 5 .2  x  IO- -*-8 cm2/se cs  a t  800 °C fo r  two hours fo r  an indium  
co n cen tratio n  o f 4 x l0 2Gcm“ 8 „
The d i f f u s iv i t y  o f  indium a t 1000°C was measured by K e n d a l/ 78) to  
be 7x10”^ cm2/ s e c s . The d iffe re n c e  between the d i f f u s iv i t y  va lu e s  
i s  due to  d if fe re n t  annealing  tem peratures in  the two approaches. 
I t  i s  then p o ss ib le  to  use RBS to measure the in cre a se  in  the  
p r o f i le  depth by comparing the indium p r o f i le s  in  the annealed and 
the as-im planted  samples a t  the same atomic co n cen tratio n .
The change in  the depth o f the p r o f i le s  i s  assumed to be the  
d if fu s io n  leng th  o f indium . However, more indium p r o f i le s  are  
needed as a fu n ctio n  o f annealing  temperature and annealing  time 
in  order to  be ab le  to  measure accu rate  va lu es fo r  d i f f u s iv i t y  and 
d if fu s io n  energy o f indium . D if f u s iv i t y  can be measured both in  
time dependent and time independent reg io n s.
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Indium o u td iffu se s  in  the indium im planted samples during Si^N^ 
en cap su latio n  (su b stra te  temperature i s  h e ld  a t 635°C fo r  17 
seconds) as shorn in  f ig u re s  3 .7  and 3 .8 . T h is  i s  shown ( f ig  3 .8 )  
by the fa c t  th at the indium concentration  i s  h ig her in  the  
annealed sample than in  the as-im planted  sample in  the reg ion  a t
P
about 1200 A below the s u rfa c e . Away from t h is  reg io n  the p r o f i le s  
in  annealed and as im planted samples are  the same, in d ic a t in g  
annealing  does not e f fe c t  the indium p r o f i le  in  t h is  reg io n . 
H arriso n  et a l .^ 7^) a ls o  observed indium o u td iffu s io n  a f te r  la s e r  
annealing  o f 60-keV In'1* im planted GaAs. O u td iffu s io n  i s  a lso  
observed in  the sample im planted w ith  indium (280 keV) and a rse n ic  
(200 keV) to equal doses o f lx lO ^ cm ” 2 and annealed a t 635°C fo r  
17 seconds ( f ig .  3 .7 ) .  Th erefore  o u td iffu s io n  occurs in  both cases  
o f s in g le  and dual im planted samples during Si^N^ en cap su latio n , 
in d ic a t in g  there  i s  a h ig h  d e n s ity  o f d e fe cts  near the su rfa ce . 
The d e fe cts  were created  by io n  im p lan tatio n . Thus, o u td iffu s io n  
may occur because o f the su b stra te  tem perature, po in t d e fe c ts , o r  
because o f the c r y s t a l  damage near the su rfa c e . Vasudev e t a l ; ( 00) 
reported  th at the seg reg ation  o f  chromium near the su rface  a f t e r  
annealing  a t 650°C fo r  20 minutes under S i0 2 in  C r+ & S+ 
im planted Cr-doped GaAs i s  due to the h igh  d efect d e n s ity . Z in c  
seg reg ation  in  a s im ila r  way to indium was observed by Van Gurp e t  
a i . ( 8 1 )  Xn the Zn+/GaAs sample annealed during Si^N^ 
en cap su la tio n . The same authors reported th at such segregation  o f
z in c  i s  caused by the po int d e fe cts  which were created  by the
f
s t r a in  a t  the encapsulant/GaAs in te r fa c e .
4.6.2 Rapid thermal annealing
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Indium may o u td iffu se  in  the amorphized la y e r  reg io n . T h is  may 
w e ll be the ca se , as a s im ila r  case was observed by Blood et  
a i #(82) £n j n study indium was im planted in to  S i to a
dose o f 5x l01 c^m”2 a t 100 keV. I t  was found th at annealing (111) 
S i  a t  940°C fo r  30 m inutes l e f t  co n sid erab le  re s id u a l s i l i c o n  
d iso rd er and caused a la rg e  lo s s  o f indium atoms during annealing , 
in  co n tra st  to (100) and (110) s l i c e s  where the d iso rd er was low  
and most o f the im planted atoms were re ta in e d . Both e f fe c t s  are  
due to the slow  e p it a x ia l  regrowth ra te  on (111) s i l i c o n .  T h is  
perm its the form ation o f a p o ly c r y s ta ll in e  reg ion  during regrowth 
so the im p u rity  can then m igrate to the su rfa ce  along g ra in  
boundaries. The same authors found the form ation o f t h is  
p o ly c r y s t a ll in e  reg ion  could  be prevented by a two-step annealing  
at 550 °C fo r  two hours and 940 °C fo r  30 m inutes. T h is  produces a 
s in g le  c r y s t a l  la y e r  which r e ta in s  most o f indium a f t e r  annealing . 
The behaviour o f im planted indium in  S i i s  s im ila r  to GaAs as  
indium m igrates to the su rfa ce  a t  635 °C fo r  17 seconds.
There i s  a d is t in c t io n  between d if fu s io n  o f indium and m igration  
o f l iq u id  indium (see  se c t io n  4 .8 ) .  I t  seems the former i s  the  
case  in  the sample annealed a t 635°C in  f ig  3 .8 . Narayan e t  
a i . (74) af so found a la rg e  re d is t r ib u t io n  o f indium during s o l id  
phase e p ita x y  o f the amorphous s i l i c o n  im planted w ith  indium. The 
same authors pointed out th a t m igration o f l iq u id  indium in  the 
amorphous phase and along g ra in  boundaries i s  l i k e l y  to  occur in  
s i l i c o n .
The p o s s ib i l i t y  o f in d if fu s io n  f a r  away from the su rface  can not 
be in v e st ig a te d  by RBS i e .  indium co ncentratio n  i s  too low and too
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f a r  from the su rface  to be measured. As w i l l  be exp lained  below, 
SIMS can g ive more d e t a i ls  a t  the t a i l  o f  the p r o f i le .  A SIMS 
p r o f i le  i s  shown in  f ig  3 .9  ( In +:4xl0^8c n r2/280keV). Indium
co ncentratio n  a t the t a i l  i s  as low as 6xl0^8cn f 2 . SIMS ( f ig  3 .9 )  
shows there  i s  no s ig n  o f in d if fu s io n  as the p r o f i le s  in  both as  
im planted and annealed samples are  the same in  the t a i l  reg ion
o
which s t a r t s  from 1200 A away from the su rfa ce  up to the end o f  
the p r o f i le .  T h is  i s  in  co n tra st  to what happens to the indium
o
p r o f i le  in  the reg ion  up to  1200 A below the su rfa ce  as shown in
f ig  3 .8 . T h is  confirm s th a t o u td iffu s io n  occurs because o f non
sto ich io m etry  as no indium d iffu s io n  i s  observed in  the reg ion
c lo se  to the t a i l ,  where no a lte r a t io n s  in  sto ich io m etry  are
expected, whereas indium d iffu s io n  i s  observed by RBS in  the
o
reg ion  up to 1200 A below the su rface  where a lte r a t io n s  in  
sto ich io m etry  are  expected due to a h ig h er co ncentratio n  o f  
indium. T h erefo re , d if fu s io n  o f  indium i s  dose dependent.
I t  a ls o  confirm s th at indium d iffu s io n  occurs in  the reg ion  c lo se  
to the su rfa c e , where there  i s  a h igh  degree o f  damage or d e fe c ts , 
as shown in  f ig u re s  3 .10a and f ig  3.10b.
Indium i s  v o la t i le  in  GaAs because i t  forms indium is la n d s  (see  
se c t io n  4 .8 )  and because i t s  m elting  point i s  156°C, hence indium  
is la n d s  can m igrate towards the su rface  above t h is  tem perature.
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Indium in d if fu s e s  in  the a rse n ic  and indium im planted sample 
annealed a t  650°C fo r  one hour and 920°C fo r  30 seconds. T h is  i s  
shorn by the fa c t  that the indium peak con cen tratio n  in  the 
annealed sample in  f ig  3.21b (o r 3.22b) has s h if te d  r e la t iv e  to  
the indium peak co n cen tratio n  in  the as-im planted  sample shown in  
f ig  3 .21a (o r 3 .2 2 a ) . The q u a n tity  o f indium in  the as-im planted  
and cap-on samples i s  the same. Therefore in d if fu s io n  o f indium  
takes p la ce  w ith in  the im planted la y e r  co n tra ry  to what was shown 
p re v io u s ly  in  se c t io n  4 .6 .1  fo r  the s in g le  im plants o f indium. 
There a re  two p o ss ib le  in te rp re ta t io n s  fo r  t h is  d iffe re n c e  in  
s in g le  and dual im planted sam ples. F i r s t l y ,  the annealing
Otemperature i s  d if fe re n t  fo r  the s in g le  im plants (750 C and 800°G 
fo r  two hours) than fo r  the dual im plants (650°C fo r  one hour and 
920°C fo r  30 seconds). Secondly, the a rse n ic  im plants in  the dual 
im planted samples in c re a se  the a rse n ic  co n cen tratio n  to such an 
extent th at indium d i f f u s iv i t y  i s  lower in  t h is  reg io n  than in  the 
reg ion  w ith  no im planted a r s e n ic . A s im ila r  ob servation  was made 
by B a rre tt  e t a l . ( 00) in  z in c  and a rse n ic  im planted GaAs. In  the  
above stud y , the im p lan tatio n  o f a rse n ic  produces g allium  
v acan cies  which re ta rd s  the d if fu s io n  o f i n t e r s t i t i a l  z in c  during  
an nealing .
4.6.3 rapid thermal and furnace annealing
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4 .7  C ry s ta l regrowth o f indium implanted la y e rs
4 .7 .1  Amorphization & c r y s t a l l i s a t io n
Indium im planted to  a dose o f 4x101*9 cm-2 w ith  an io n  energy o f 280
O
keV amorphizes the im planted la y e r  o n ly  up to about 1300A from the
o
s u rfa ce . The t o ta l  im planted th ick n ess  i s  about 2800 A as shown in  
the ch an n e llin g  spectrum ( f ig  3 .3 b ) . A complete am orphization d id  
not occur e ith e r  in  the im planted la y e rs  o f the sample im planted  
w ith  a rse n ic  a t  80 keV to a dose o f 2x l01 c^m” 2 .
E llim a n  e t a l .  (^4) stud ied  in  d e t a i l  the in flu e n ce  o f d efect  
production and dynamic d efect annealing  on the s ta te  o f a pre­
e x is t in g  amorphous la y e r  in  c r y s t a l l in e  s i l i c o n  su b stra te . I t  was 
found th at i f  during io n  im p lantation  the su b stra te  temperature 
was ra is e d  above a c r i t i c a l  po in t the th ick n ess  o f the amorphous 
la y e r  decreased w h ile  below the c r i t i c a l  temperature the  
th ick n ess  o f the amorphous la y e r  in cre a se d . I t  was d iscu ssed  
fu rth e r  by the same authors that so lid -p h a se  e p ita x ia l  
c r y s t a l l i z a t io n  o f amorphous s i l i c o n  can be induced a t  r e la t iv e ly  
low tem peratures by heavy-io n  ir r a d ia t io n .
In  the p resent stud y, a dose o f 7 x l0 13cn f2 o f  indium d id  not 
amorphize GaAs a t  200°C su b stra te  temperature w ith  an ion  energy 
o f 280 keV. However, damaged la y e rs  were l e f t  a f t e r  im p lantation  
was c a r r ie d  out. For the above indium dose and ion  energy 
am orphization would be expected (computer s im u la tio n ) i f  indium  
had been im planted a t  room tem perature. In  the sample o f  
f i g . 3 .3b, where a dose o f 4 x l0 1^cnf2 o f indium was im planted in to  
a su b stra te  h e ld  a t  room temperature the im planted la y e r  was
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p a r t ly  amorphized. In  t h is  ch an n e llin g  spectrum, there  i s  s ig n  o f  
some annealing  as the t a i l  o f  the p ro f i le  in  the implanted la y e r  
i s  not g aussian  in  shape and computer s im u latio n  showed a much 
th ic k e r  amorphized la y e r  should be created  fo r  t h is  indium dose. 
T h is  could be due to h igh io n  f lu x  (io n  beam was between 3 to 12 
j i k )  and h igh  ion  energy (280 keV ), hence the su b stra te  temperature 
might have been ra is e d  above room temperature (about 100°C as  
a lre a d y  d iscu ssed  in  se c t io n  4 .2 .4 ) .  I t  i s  most l i k e l y  that there  
was p a r t ia l  annealing  fo r  t h is  sample. I t  was pointed out by 
W illiam s e t a l / 88) in  the study o f argon im planted GaAs th at  
there  was p a r t ia l  annealing  during ion  im p lantation  a t room 
temperature or above. The concept o f ion  beam annealing  needs to  
be fu rth e r  stud ied  w ith  p a r t ic u la r  re fe ren ce  to the c r i t i c a l  
su b stra te  temperature needed to avoid am orphization, the ion  f lu x  
( io n  beam cu rre n t) and the e f fe c t  o f ion  energy. The c r i t i c a l  
su b stra te  temperature in  indium implanted GaAs (below 200°C) i s  
much lower than s i l i c o n  (about 5 0 0 ° c / 8^ ).
Annealing a t  635°C fo r  17 seconds o f the indium on ly im planted  
sample mentioned above r e c r y s t a l l i s e d  the im planted la y e rs  
incom plete ly  as shown in  the ch an n e llin g  sp ectra  o f f ig  3 .10a  
(cap-etched  sample) and f ig  3.10b (cap-on sam ple). In  the cap-on  
sample the RBS y ie ld  i s  h ig h er because o f the presence o f the  
encapsu lant and o f non s u b s t itu t io n a l indium atoms which  
o u td iffu sed  to the su rfa ce  during en cap su latio n  (see se c t io n  
4 .6 .2 ) .  R e c r y s ta liz a t io n  a lso  takes p lace  from the su rface  
towards the b u lk ; fo r  t h is  reason a rse n ic  and g alliu m  su rface  
peaks a re  c le a r ly  v i s ib le  in  the RBS spectrum and the RBS y ie ld
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in c re a se s  from below the g a lliu m  and a rse n ic  su rfa ce  peaks towards 
the b u lk . At the end o f the im planted la y e r  there  i s  a s ig n  o f  
d echan n ellin g . T h is  d echannelling  e f fe c t  d isap p ears when the same 
sample i s  annealed a t 950°C fo r  30 seconds ( f i g . 3 .13b).
The im planted la y e r  in  t h is  sample has r e c r y s t a l l i s e d ,  but the  
a rse n ic  su rfa ce  peak has disappeared and the s ig n a ls  near the 
gallium  su rface  peak a re  broad compared to  v ir g in  GaAs ( f ig  
3 .1 3 a ) . The 'XmXn in  the samples annealed a t  650°C and 950°C i s  
8.6% and 10% r e s p e c t iv e ly . The lower va lu e  o f Xmin in  the sample 
annealed a t 635°C i s  due to the regrowth from the im planted la y e r  
meeting the regrowth from the su rface  and le a v in g  behind a h ig her
\ i n  va lu e-
The disappearance o f a rs e n ic  su rface  peak i s  not due to a rse n ic  
lo s s .  T h is  can be concluded from the fo llo w in g  o b servatio n s. 
F i r s t l y ,  the a rse n ic  su rfa ce  peak i s  v i s ib le  in  f ig  3.10a where 
annealing  temperature i s  low (635°C ). Secondly, the a rse n ic  
su rface  peaks a re  a ls o  v i s ib le  in  the samples implanted w ith  
indium and a rse n ic  to equal doses o f 1x10^0cm“ 2 and annealed a t  
950°C fo r  30 seconds or annealed a t 950°C fo r  30 seconds p lu s  
800°C fo r  one hour ( f ig 3 .1 6 b ) . The disappearance o f a rse n ic  
su rface  peak and the broadening o f the s ig n a ls  n ear the g allium  
su rface  peak occurred  a ls o  in  the samples im planted w ith  indium at  
100 keV to  a dose o f 2x10^-0cm” 2 and furnace annealed a t 800°C fo r  
one hour ( f ig  3 .2 4 a ). T h is  same r e s u lt  was observed in  the sample 
im planted w ith  a rse n ic  a t  80 keV and indium a t 100 keV to an 
equal dose o f  2x10^ 0cm“ 2 and annealed a t 650°C fo r  one hour and
O
920 C fo r  30 seconds ( f ig  3 .2 4 b ). The d isappearance o f a rse n ic
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su rface  peaks in  the samples annealed a t h ig h er tem peratures 
(800°C or 950°C) i s  p o s s ib ly  due to the reason th at the regrowth 
from the su rfa ce  has met the regrowth from w ith in  the b u lk  and 
might have l e f t  a number o f non s u b s t itu t io n a l g allium  atoms in  
t h is  reg io n .
A t y p ic a l  va lu e  o f Xm£n fo r  v ir g in  GaAs (fig.3.13a) i s  about 5%. The 
v a lu es  o f the indium im planted samples a re  h ig h er than in  
v ir g in  GaAs. T h is  may be because the Xm£n va lu e  fo r  GalnAs i s  
h ig h er than fo r  GaAs e .g . a ty p ic a l  Xm£n va lu e  fo r v ir g in  
Ga0 53InQ^4yAs i s  about 12%^88) .
The in cre a se  in  Xm£n va lu e  from GaAs to G a ^ ^ In ^ A s  fo r  x  from 0 
to 1 i s  not l in e a r .  For x equal to 0 .02 the va lue  i s  about
7.5%. The samples im planted w ith  indium a t 100 keV to  a h ig h  dose 
o f 2xl0^8cm”2 needs a h ig h  annealing  temperature fo r a longer 
annealing  tim e. These samples when annealed a t 750°C fo r  two hours 
had incom plete r e c r y s t a l iz a t io n  ( f ig 3 .2 0 a ) . R e c r y s ta liz a t io n  was 
completed fo r  the s im ila r  samples annealed e ith e r  a t  800°C fo r  one 
hour p lu s  950°C fo r  30 seconds ( f ig  3.20b) or annealed a t 800°C 
fo r  two hours or annealed a t  800°C fo r three ho urs. The h igh  RBS 
y ie ld  or h igh  Xm£n in  the above ch an n e llin g  sp e ctra  are  due to the 
encapsulant presence.
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4 .7 .2  E p it a x ia l  regrowth
Sealy*-3*  ^ d iscu ssed  how in  co n tra st  to s i l i c o n ,  the regrowth o f an 
amorphous su rface  la y e r  in  GaAs caused by io n  im p lantation  i s  a 
complex p ro cess . Complete c r y s t a l  recovery  occurs in  three  
d if fe re n t  stages as fo llo w s:
Stage 1 : i t  occurs ra th e r  sh a rp ly  in  the temperature range 125- 
400°C. I t  corresponds to  the am orp hous-crysta lline  t r a n s it io n .  
Stage 2 : extended d e fe cts  are  a n n ih ila te d  and la t t i c e  becomes
p e r fe c t ly  c r y s t a l l in e .
Stage 3 : t h is  occurs a t  a temperature s u f f ic ie n t ly  h igh  fo r  the  
dopants to be e le c t r i c a l l y  a c t iv a te d . T h erefo re , u n lik e  in  
s i l i c o n ,  the e le c t r i c a l  a c t iv i t y  in  ion  im planted GaAs occurs a t
tem peratures much h ig h er than those a t which e p it a x ia l  regrowth
o cc u rs .
A ty p ic a l  s o l id  phase e p it a x ia l  growth in  s i l i c o n  i s  shown in  f ig  
4 ^ ( 8 7 ) # ££ -^ ow doses> f or which the atomic co ncentratio n  o f
im p u rit ie s  i s  below the s o lu b i l i t y  l im i t ,  p e rfe c t  e p it a x ia l
regrowth occurs and the im p u rity  p r o f i le  rem ains e s s e n t ia l ly
unchanged compared w ith  the as-im planted p r o f i le .  When the dose i s  
ra is e d  so th at the s o lu b i l i t y  l im it  i s  exceeded by a sm all
f r a c t io n , the regrowth ra te  decreases and segregation  o f the  
im planted im p u rity  a t  the moving am orphous/crystalline  boundary 
may o ccur. The net r e s u lt  i s  a s ig n if ic a n t  b u ild  up o f implanted  
im p u rit ie s  (such  as indium , bism uth, th a lliu m ) a t  the s i l i c o n
s u rfa c e . T h is  i s  commonly re fe rre d  to as ’push o u t1. T h is  p rocess  
can be seen in  the case  o f indium im planted GaAs w ith  the
d iffe re n c e  th at the sto ich io m etry  i s  more im portant in  GaAs fo r
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such h ig h  doses, as w i l l  be d iscu ssed  la t e r .
Regrowth o f indium im planted GaAs la y e rs  i s  shown in  f ig .  4 .6  in  
two cases o f high and low doses o f indium. There i s  s ig n  o f a 
p o ly c r y s ta ll in e  reg ion  near the GaAs su rface  in  the sample w ith  
high  d oses, in d ic a t in g  th at the am orphous/crysta lline  boundary has  
reached the su rface  and met w ith  the regrowth. In  the low dose 
sample there  i s  not any s ig n  o f  a p o ly c r y s ta ll in e  reg io n , or 
p o ss ib ly  because the sto ich io m etry  i s  p reserved  by im planting  
a rse n ic  to an equal dose.
I t  i s  c le a r  th at the v e lo c it y  o f  s o lid  phase e p it a x ia l  regrowth i s  
dose dependent ( f ig  4 .6 ) .  I t  was a lso  shown by W illiam s e t  
a l .  (67 ,68 ) t tya t  regrowth i s  dose dependent in  the study o f GaAs 
im planted w ith  argon. In  an attempt to e x p la in  the dose-dependent 
regrowth behaviour, Gamo e t a l .* '33) specu lated  that heavy ion  
bombardment o f GaAs caused lo c a l  d isru p tio n  o f GaAs sto ich iom etry  
w ith in  the in d iv id u a l c o l l i s io n  cascad es, and a ttr ib u te d  poor 
q u a lit y  e p itax y  to incom plete re s to ra t io n  of sto ich io m etry  during  
ann ealin g . T h is  a s s e r t io n  was based upon observation  o f the  
annealing  behaviour o f GaAs im planted w ith  Zn+ and Se+ a t l iq u id -  
n itro g en  tem perature, where the re su lta n t  amorphous la y e rs  could  
not be s u c c e s s fu lly  e p i t a x ia l ly  regrown a t  low tem perature. In  the  
indium and a rse n ic  im planted GaAs, im p lantation  to low and equal 
doses g ives  su c c e ss fu l regrowth a t  low temperature ( f ig  4 .6 )  and 
may in d ic a te  th a t e x ce ss iv e  sto ich io m etry  d isru p tio n  has not 
occurred  in  the im planted la y e r s .  For h ig her doses o f indium and 
without any a rse n ic  im p lan ts, the implanted GaAs la y e rs  are  p o o rly  
regrown ( f ig  4 .6 ) ;  t h is  may r e s u lt  from d isru p ted  sto ich io m etry .
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I t  was pointed out by W illiam s et a l . v '  th at p a r t ia l  annealing  
during io n  im p lantation  a t  room temperature o r above may re ta rd  
the regrowth.
Licoppe e t a l ( 09,9O) measured the a c t iv a t io n  energy o f s o l id  phase 
e p it a x ia l  regrowth to be 1 .6  eV fo r im planted GaAs ir re s p e c t iv e  
o f io n  sp e c ie s . T h is  va lu e  was measured using  tim e-reso lved  
r e f l e c t i v i t y  from GaAs samples implanted w ith  v a rio u s  io n s such as 
S i* ,P * ,S +,A r+,Zn+,A s+,T e +.
The regrowth v e lo c it y  V o f the amorphous la y e r  can be found from 
V=V0exp (-Ea /K T )(9 D  where Ea i s  the a c t iv a t io n  energy o f s o l id  
phase e p it a x ia l  regrowth and T i s  the annealing  tem perature. RBS 
(ch an n e llin g  d ire c t io n )  can be a lso  used in  order to  determine the 
a c t iv a t io n  energy Ea o f GaAs, s im i la r ly  to p rev ious s tu d ie s  on
silicon^2 ,93) #
In  order to measure the regrowth ra te  more a c c u ra te ly , indium must 
be im planted w ith  io n  energy above 280 keV to in cre a se  the  
th ick n ess  o f  the amorphous la y e r .  Cold ion  im p lantation  ( l iq u id  
n itro g en ) must a lso  be c a r r ie d  out to avoid any annealing and to  
have a th ic k e r  amorphized la y e r .
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a n n e a l e d  at 6 5 0 ° C  a n n e a l e d  at 9 5 0 ' C
l o w  
d o s e
d o s e
Fig 4,b Schematic illustrating-the typical regrowth details and do
d e p e n d e n c e  (the schematic were taken from the channelling 
spectra).
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Indium forms m e ta ll ic  is la n d s  during ion  im p lantation  fo r  h igh  
dose im p lan ts. T h is  i s  concluded from the fo llo w in g  
co n s id e ra t io n s . A h igh proportion  o f indium becomes non 
su b s t itu t io n a l before and a f t e r  annealing  and non su b s t itu t io n a l  
indium atoms are  m ostly d isso lv e d  together w ith  the encapsulant 
in  h y d ro flu o ric  a c id  (HF) (see  se c t io n  4 .3 ) .
Scanning E le c tro n  M icroscopy (SEM) micrograph (fig3.15) shows dark  
patches which are  due to  e tch  p it s  caused by the d is s o lu t io n  o f  
indium is la n d s  in  HF. Ding e t a l . ^ 4 )  observed indium is la n d s  on 
the SEM micrograph o f the GaAs sample deposited  w ith  indium to a 
th ick n ess  o f 57 nm a t 25°C . The same authors u sing  TEM found that  
annealing  the In/GaAs sample a t  350°C r e s u lt s  in  the form ation o f  
e p it a x ia l  In ^ „ x )GaxAs patches w ith in  each indium is la n d  ,. 
Furtherm ore, Soares e t  a l ^ 3) reported  the form ation o f indium  
m icro c lu s te rs  in  the GaAs sample which was i n i t i a l l y  implanted  
w ith  73Se+ and 113In + to doses o f lx lO X3cm“ 2 and 2xl013cm” 2 
r e s p e c t iv e ly  then im planted w ith  ra d io a ct iv e  111 In  as a probe fo r  
time d if f e r e n t ia l  Perturbed Angular C o rre la t io n  (PAC) 
measurements. In  the same paper i t  was found th at a l l  o f  the 
indium was incorporated  a t 565°C fo r  30 seconds.
However, in  the p resen t study not a l l  o f the indium could be 
incorporated  fo r  h ig h er doses (e .g  2 x 1 cm” 2) in d ic a t in g  the 
p o s s ib i l i t y  o f the form ation o f  indium is la n d s  before d is s o lu t io n  
in  h y d ro flu o r ic  a c id  (see  se c t io n  4 .3 ) .
4.8 Indium islands
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4 .9  E le c t r i c a l  p ro p e rtie s  o f the implanted la y e rs  
S ectio n  3 .3  shows th at indium can enhance the e le c t r i c a l  
p ro p e rtie s  o f selenium  implanted GaAs, fo r  example sheet 
co n cen tratio n  can be in creased  (ta b le  3.12 f ig  3 .2 6 ) . These 
in c re a se s  depend on indium concentration  and sto ich io m etry  o f  
the im planted la y e r s .
4 .9 .1  Indium concentration
Table 3.11 shows th at the sheet e le c tro n  co ncentratio n  in c re a se s  
s l ig h t ly  w ith  an in c re a se  in  indium dose from lxlO-^cm” 2 to 
lxlO-^cm  ^ fo r  the sample im planted w ith  selenium  to a dose o f  
lx lO ^ cm ” 2 . However, these r e s u lt s  are w ith in  experim ental e r r o r ,  
th e re fo re  no d e f in ite  co n clu sio n  can yet be drawn. S im ila r ly  in  
f ig  3 .26  a s l ig h t ly  h ig h er e le c tro n  concentration  i s  n o tice a b le  
near the p ro jected  range Rp fo r  the sample im planted w ith  indium  
and selenium  to equal doses o f lxlO-1-^  cm” 2 compared to the sample 
im planted w ith  selenium  o n ly  to  the same dose as in  the dual 
im planted sample. Tlie atomic concentration  o f indium in  the  
p revious sample i s  not a v a ila b le  but was c a lc u la te d  by u sing  
P ro jected  Range A lgorithm s (PRAL) to be about lx lO 20cm“ 3 a t the 
p ro jected  range.
More s ig n if ic a n t ly ,  f ig  3 .27  shows an e le c tro n  concentration  
(GxlO^cm” 0) h ig her than any va lu e  obtained in  f ig  3 .26 and h ig her  
than any pub lished  va lu e  fo r  such a low selenium  io n  energy. For  
example, not more than 2xlO^0cm” 2 could be o b ta in e d ^ 7) in  the  
sample im planted w ith  selenium  a t  100 keV to a dose o f Ix lO ^ cm ” 2 
before being pulsed  annealed fo r  2 seconds a t  1000°C.
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The sample w ith  the h ig h est e le c tro n  concentration  ( f ig  3 .27 ) was 
im planted i n i t i a l l y  w ith  a rse n ic  to a dose o f 2xl0^8 cm” 2 a t  80 
keV, then w ith  indium to a dose o f 2x10q8 cm” 2 a t 100 keV and 
l a s t l y  w ith  selenium  to a dose o f 5xl01A cm” 2 a t  80 keV.
T h is  sample (sample d3) was annealed a t 650°C fo r  one hour p lu s  
960°C fo r  30 seconds. The indium p r o f i le  o f a s im ila r  sample i s  
shown in  f ig  3.23a where the re ta in ed  indium i s  6 .6x1018 cm” 2. 
C orrespondingly , t h is  sample has an indium co ncentratio n  (about 
1 .2 x l0 2  ^ cm” 8 , see se c t io n  4 .5 )  h igher than any sample in  e ith e r  
tab le  3 .12 or f ig  3 .2 6 . T h is  supports the trend d iscu ssed  above 
o f in c re a se s  in  e le c tro n  concentration  w ith  in c re a se s  in  indium  
co n cen tratio n . An a lte r n a t iv e  exp lanation  can be the b e tte r  
sto ich io m etry  o f sample d3 , as w i l l  be d iscu ssed  la t e r .
Inada e t  a l . © 01 showed th at a high e le c tro n  con cen tratio n  o f
1 Q  qabout 9x1 C r°  cm could be obtained in  as grown indium doped GaAs 
annealed a t 900°G. Indium concentration  in  such GaAs w afer was 
reported  by the same author to be about l x l0 2Gcm” 8 . In  the present 
stud y, however, RBS and H a ll  e f fe c t  r e s u lt s  in d ic a te  th at a h ig h er  
indium con cen tratio n  (indium : 1 .2 x l0 2 c^m” 2 ) than the reported
va lu e  i s  req u ired  to in cre a se  e le c tro n  co ncentratio n  to the above 
v a lu e .
The sheet e le c tro n  con cen tratio n  in  the sample o f f ig  3 .27 i s  
measured to  be 2 .4x l0^ 8cm” 2 w ith  an a c t iv i t y  o f  o n ly  4.8%. The low  
a c t iv i t y  o f selenium  im plants i s  due to the low selenium  ion  
energy o f 80 keV, hence to the h igh co n cen tratio n  o f selenium . 
High selenium  a c t iv i t y  cannot be obtained fo r  doses o f lx lO ^ cm ” 2 
im planted a t  100 k e V ^ 7) .
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Sto ich iom etry appears to p la y  an important p art in  e le c t r i c a l  
a c t iv i t y  as i s  shorn by the fa c t  th at selenium  can be more 
r e a d ily  a c t iv a te d  in  the samples where most indium atoms were 
incorporated  in to  GaAs l a t t i c e  s i t e s  because o f previous a rse n ic  
im plants (see  se c t io n s  4 .5 .2 ) .  On the other hand, no n-type  
a c t iv i t y  o f  selenium  im planted to a dose o f 5x10^  cm” 2 can be
obtained a f t e r  annealing  a t  650°C fo r one hour and 920°C fo r  30
seconds in  sample K , where h ig h  doses o f indium (3 x l0 13cm“ 3
/lOOkeV) and no a rse n ic  are  im planted.
I t  i s  concluded from the a v a ila b le  RBS and H a ll  e f fe c t  r e s u lt s  
th at t r ip le  im plants o f  a r s e n ic , indium and selenium  are  req u ired  
in  order to in c re a se  the e le c tro n  con cen tratio n  in  GaAs. On the  
su b je ct o f s to ich io m etry , Ambridge et a l . ^ 7 )  have shown th at  
dual im plants o f selenium  and g a llium  im plants in to  GaAs can a id  
the in c re a se  o f peak e le c tro n  concentration  when compared to the  
GaAs im planted w ith  selenium  o n ly .
The e le c t r i c a l  p ro p e rtie s  o f indium doped GaAs have been a lso  
stud ied  u sing  s i l i c o n  as the n-tpye dopant and d if fe re n t  doping 
t e c h n i q u e s . For example, M issous e t a l . ( 9 8 )  showed that in  
the s i l i c o n  doped GaAs grown by MBE the fre e  e le c tro n  
con cen tratio n  in creased  from 3x1013 cm"3 to lx lO ^ cm ” 3 when indium  
was a ls o  used as a dopant together w ith  s i l i c o n .  Rakovics e t  
a i . ( 9 9 )  styowecl the e f fe c t  on the fre e  e le c tro n  concentration  o f  
co-doping w ith  indium and s i l i c o n  a LEC GaAs sample (doped from
4.9.2 Stoichiometry
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m e lt) . I t  was found th at the fre e  e le c tro n  co ncentratio n  i s  h ig h er  
in  the indium and s i l i c o n  doped sample than in  the s i l i c o n  o n ly  
doped sample.
C h r is t e l  e t  a l . ( ^ 00  ^ c a lc u la te d  the magnitude and ch a ra cte r o f  
s to ich io m e tr ic  d istu rb an ces in  the im planted la y e r  which r e s u lt  
when io n s are  im planted in to  compound sem iconductors. The 
c a lc u la t io n  was based on low doses in  comparison to the p resent  
work, fo r  example, 400 keV Se* was implanted in to  GaAs to a dose 
o f lx lO AJ cm . The sto ich io m etry  o f selenium  im planted la y e rs  i s  
not uniform  and there  i s  a non uniform co n cen tratio n  o f a rse n ic  
and g a lliu m . I t  was pointed out by the same authors that d if fu s io n  
must re s to re  the sto ich io m etry  during annealing  in  order to  
a c t iv a te  f u l l y  the im planted dopants. T h is  can be e f fe c t iv e  o n ly  
fo r  low doses, otherw ise  dual im plants are  req u ired  to p reserve  
the sto ich io m etry  as seen in  the case o f indium implanted GaAs 
(see  se c t io n  4 .5 .2 ) .
o
The h igh  e le c tro n  co n cen tratio n  in  a reg ion  o f  150 A below the  
su rface  ( f ig  3 .27) i s  co n s is te n t  w ith  what was shown in  the  
ch an n e llin g  sp e ctra  o f f ig  3 .25b . I t  i s  shown in  these sp ectra  
th at there  a re  non s u b s t itu t io n a l gallium  atoms hence more indium  
becomes s u b s t itu t io n a l as i t  occup ies g a llium  s i t e s  and t h is  can 
a id  the in c re a se  in  e le c tro n  co n cen tratio n . The m o b ility  i s  
reduced in  the same reg ion  due to a p o ly c r y s ta l l in e  reg ion  near 
the GaAs su rface  as shown in  the same ch an n e llin g  sp ectra  ( f ig  
3.25b) and d iscu ssed  in  se c t io n  4 .7 . On the other hand, near the  
p ro jected  range the s itu a t io n  i s  reversed  as th ere  i s  no s ig n  o f a 
p o ly c r y s ta ll in e  reg io n , hence there  i s  a h ig h er m o b ility .
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5.1 Conclusion
The a n a ly s is  o f the experim ental r e s u lt s  shows th at the maximum 
q u a n tity  o f indium accum ulable in  GaAs by ion  im p lantation  a t room 
temperature i s  about SxlO^cm ””8 (13.6% ). T h is  i s  due to indium  
having reached i t s  s o l id  s o lu b i l i t y  l im it .  Indium atoms in  excess  
o f the above co ncentratio n  could not be re ta in ed  in  GaAs. As a 
consequence indium o u td iffu sed  and was lo s t  from GaAs due to  ion  
sp u tte r in g .
The im p lantation  o f  equal doses o f a rse n ic  and indium d id  not 
in c re a se  the indium co n cen tratio n , which remained a t  the va lue  
given above. However, more indium was incorporated  in  the GaAs in  
dual im planted samples than in  s in g le  implanted ones. Most o f the 
non incorporated  indium atoms were d isso lv e d  together w ith  the  
encapsulant in  h y d ro flu o r ic  a c id  (HF) and l e f t  etched p it s  on the  
GaAs. HF d id  not d is s o lv e  indium in  the samples annealed a t 800°C 
fo r  two o r three h o urs.
The maximum amount o f incorporated  indium was measured by RBS to
be 1 .2 x l0 2qcm~8 , fo r  the sample annealed a t 650°C fo r  one hour in
a furnace and a t 920°C fo r  30 seconds in  a g rap h ite  s t r ip  h e a te r ,
which in d ic a te s  that a^o,946^n0.054As l aye rs  had been syn th esized .
The above sample, but annealed a t  650°C fo r  one hour in  a furnace
and a t 960°C fo r  30 seconds in  a graph ite  s t r ip  h e a te r , when
im planted w ith  selenium , a lso  y ie ld ed  the h ig h est e le c tro n
1 R —Rco n cen tratio n , •which was measured to be 6 x l0 iOcm . T h is  va lu e  was 
h ig h er than any va lu e  o f selenium  only im planted GaAs samples fo r
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-144-
T h is  i s  another in d ic a t io n  th at GaQ^g^InQ^Q^As la y e rs  were 
syn th e size d , a prom ising r e s u lt  fo r  the generation o f h igh  
e le c tro n  co n cen tratio n  a t  r e la t iv e ly  low annealing tem perature.
Si^N^ proved to be an e f fe c t iv e  encapsulant up to a t le a s t  960°C 
fo r  30 seconds or 800°C fo r  two hours, as  shown by RBS and H a ll  
e f fe c t  technique.
5 .2  Future work
5 .2 .1  Hot im p lantation
The maximum q u a n tity  o f indium that could be re ta in ed  in  GaAs was 
measured to be S x lO ^ c ir i2 (13 .6% ). Annealing fo llow ing  room 
tem perature io n  im p lantation  could  not in co rp o rate  in  GaAs la t t i c e  
s i t e s  a l l  the above q u a n tity  o f indium. In  order to  ach ieve the  
in co rp o ra tio n  o f a l l  re ta in e d  indium , hot stage io n  im p lantation  
might be req u ired . The advantages o f hot stage im p lantation  over 
room temperature im p lantation  a re  as fo llo w s. More indium can be 
incorporated  w h ile  im p lanting . S tud ies on o ther im plants such as  
Se+ and Sn+ by S e a ly ^ 0^  have shown that h igh  doses o f heavy mass 
elements im planted a t room temperature req u ire  v e ry  h ig h  annealing  
tem peratures to ach ieve a s ig n if ic a n t  c r y s t a l  reco very . 
Furthermore annealing  during  im p lantation  avoids the im planted  
la y e rs  being amorphized. T h is  may re ta rd  the indium o u td iffu s io n  
to some extent (o u td iffu s io n  o f indium occurs in  s i l i c o n  along  
g ra in  boundaries/see se c t io n  4 . 6 . 2 . ) .  S to ich iom etry  must a lso  be 
considered  during im p lan tatio n , therefo re  the fo llo w in g  procedure
the same annealing temperature.
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must be fo llow ed . Sm all doses o f indium and a rse n ic  should be 
im planted a lt e r n a t iv e ly  and co n se cu tiv e ly  u n t i l  completion o f the 
req u ired  doses. The problem w ith  t h is  procedure i s  the long  
im p lantation  time needed. Each s in g le  dose should not exceed the 
va lu e  o f l x l0 13cm“ 2 o f indium a t 280 keV and a rse n ic  a t  200 keV. 
T h is  q u a n tity  corresponds to the maximum q u a n tity  o f  indium that  
could be incorporated  in  l a t t i c e  s i t e s  by annealing  pro cesses  
fo llo w in g  ion  im p lantation  a t  room tem perature. In  t h is  way the  
s u b s t itu t io n a l s o l id  s o lu b i l i t y  may be in creased  above 1 .2  x  
1021cm” 3 (see  se c t io n  4 .5 .3 )  and the maximum indium concentration  
can be in creased  above 3 x l0 21cm“3 . Some experim ents w ith  hot 
im p lantation  have a lre a d y  been c a r r ie d  out; the r e s u lt s  fo r  these  
are  shown in  the ch an n e llin g  and random sp ectra  o f  f ig u re s  3 .4  and
3 .5 . The GaAs. sample was im planted w ith  indium a t  280 keV to dose 
o f 7x l013cm”2 . The su b stra te  temperature was a t  200°C during ion  
im p lan tatio n . In  t h is  sample, about 60% o f  the implanted indium  
became s u b s t itu t io n a l but the c r y s t a l l in i t y  i s  poor ( f ig  3 .4b) and 
i s  s im ila r  to th at o f a sample implanted to a dose o f 4 x l01 c^m” 2 
a t room temperature ( f ig  3 .1 0 ) . Thus hot im p lantation  should be 
above 200°C fo r  fu tu re  experim ents in  order to ach ieve b e tte r  
c r y s t a l l in i t y  during io n  im p lan tatio n . The maximum value o f x  fo r  
syn th esized  G a Q .^ In ^ A s  la y e r s  was measured to be 0 .0 5 6 . In  
fu tu re  work, in  an attempt to in cre a se  the above x v a lu e , indium  
im p lantation  should take p la ce  onto p re v io u s ly  im planted and 
regrown la y e r s .  Hot stage ion  im p lantation  may a lso  improve the  
e le c t r i c a l  p ro p e rtie s  o f  selenium  im planted G a^ .^ IrijjA s/G aA s  
(0<=x<l), i . e .  Se+ might be f u l l y  a c t iv a te d  a t  r e la t iv e ly  lower
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annealing  tem peratures s im i la r ly  to what can be achieved fo r  
Ga0.946In 0.054As
Se+/In +/As+ should be im planted at hot stage as a fu n ctio n  of  
indium and a rse n ic  dose fo r  f ix e d  selenium  dose (e ith e r  lx lO ^ cn ff2 
-  5 x l0 ^ cn T 2) .
5 .2 .2  Cold su b stra te  im p lantation
The su b stra te  temperature must be kept as low as p o ss ib le  (eg  
l iq u id  n itro g en ) in  order to  avoid indium d if fu s io n  during io n  
im p lan tatio n . I f  o u td iffu s io n  i s  avoided le s s  indium i s  sputtered  
hence more im planted indium can be re ta in ed  co n tra ry  to what 
happened a t room tem perature im p lantation  (see  se c tio n  4 .2 ) .  A 
th ic k e r  la y e r  can be amorphized a t  r e la t iv e ly  low doses when a  
co ld  su b stra te  i s  used , s in c e  a non complete am orphization could  
be ach ieved  a t room temperature im p lantation  (see  se c tio n  4 .7 .1 ) .  
S o lid  phase e p it a x ia l  regrowth can be stud ied  in  a th ic k  
amorphized la y e r .  Fo r example the a c t iv a t io n  energy o f s o lid  phase 
e p it a x ia l  regrowth can be measured using  the ch an n e llin g  technique  
(see  se c t io n  4 .7 .2 ) .
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5 .2 .3  MeV ion  im p lantation
I t  i s  e s s e n t ia l  to im plant indium w ith  h igh ion  energy not o n ly  in  
order to have a th ic k e r  im planted la y e r  but a ls o  in  order to  
in c re a se  the co n cen tratio n  o f the re ta in ed  im planted indium. As 
the p ro jected  range Rp in c re a se s  w ith  in c re a s in g  io n  energy there  
w i l l  be le s s  percentage o f  im planted Indium sputtered  from GaAs 
in  the reg ion  near to  the su rfa c e . I t  was a lre a d y  shown in  the  
p resent study th at le s s  percentage o f indium i s  lo s t  when io n  
energy i s  in c re a se d . For example, fo r  the same dose o f indium  
(4xlO^0c ir i2) but im planted w ith  ion  energ ies o f e ith e r  100 keV or 
280 keV the re ta in e d  indium doses were 1.8xlO^0cm“ 2 and 
2.6xlO'1-0cm” 2 re s p e c t iv e ly  ( ta b le s  3 .4  and 3 .5 ) .  A th ic k e r  
amorphized la y e r  can a lso  be created  w ith  h ig h  ion  energy and 
t h is  i s  important to study the s o lid  phase e p it a x ia l  regrowth 
(see  se c t io n  5 .2 .3 ) .
5 .2 .4  Annealing
Fo r hot im p lan tatio n , ra p id  thermal annealing a t  low temperature 
i s  enough to complete the c r y s t a l  recovery  and incorp orate  the  
im planted io n s . In  the case  o f co ld  im plants e ith e r  rap id  therm al 
annealing  a t h igh  temperature (see  se c tio n  4 .5 .2 )  or annealing  in  
a furnace or a com bination o f both i s  e s s e n t ia l  (see  se c t io n  
4 .5 .1 ) .
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5 .2 .5  S yn th esis  by indium d ep o sitio n  on GaAs
In  order to e lim in ate  indium lo s s  by io n  sp u tte r in g , a rse n ic  
should be im planted in to  the GaAs before d ep o sitio n  o f indium . 
Indium may d if fu s e  during annealing  c y c le s  in  the damaged reg ion  
created  by the a rse n ic  im p lan ts.
5 .2 .6  Encapsulant
0
S i3N4 encapsulant w ith  a th ick n ess  o f about 1000 A can be used fo r  
annealing  c y c le s  up to a t  le a s t  960°C fo r  30 seconds and 800°C fo r  
three h o urs. For h ig h er annealing  tem peratures, dual encapsulants  
o f SigN^&AlN should be used.
In  order to  avoid  d is s o lu t io n  o f implanted la y e rs  and o f indium  
atoms in  h y d ro flu o ric  (HF) a c id  p ro xim ity  annealing  must be 
te ste d . For t h is  type o f annealing , unimplanted GaAs i s  p laced  on 
the g rap h ite  s t r ip  then the im planted GaAs i s  p laced  w ith  the  
su rface  towards the unimplanted GaAs.
5 .2 .7  Methods o f c h a ra c te r iz a t io n
RBS, H a ll e f fe c t  (Van der Pauw) and Photoluminescence (PL) must be 
used . RBS can a lso  be used to measure the d if fu s io n  energy o f  
indium (se c t io n  4 .5 .1 )  and to measure the a c t iv a t io n  energy o f  
s o l id  phase e p it a x ia l  regrowth (see  se c t io n  4 .7 .2 ) .
The indium is la n d s  formed during  io n  im p lantation  may be mixed 
w ith  a rse n ic  and g a lliu m  (s e c t io n  4 .8 ) ,  TEM can be used to  
determ ine the exact com position o f these is la n d s .
-149-
REFERENCES
1) B .J .S e a ly ,  J . IE R E . 57 S2(1987)
2) H.M.Macksey, J .C .C am p b e ll, G.W.Zack and N.Holonyak 
J .A p p l.P h y s . 43 3533(1972)
3) J .A .R o s s i ,  S .R .C h in n  and A.Mooradian 
A p p l.P h y s .L e tt . 20, 84(1972)
4) J .A .R o s s i and S .R .C h in n  
J .A p p l.P h y s . 43 4806(1972)
5) C .J.N uese  and R .E .Enstro m
IE E E  T ra n s .E le c tro n  D evices ED-19, 1067(1972)
6) C .J .N u ese , R .E .Enstro m  and M .Ettenberg  
A p p l.P h y s .L e tt . 24 83(1974)
7) C .J .N u ese , M .Ettenberg, R .E .Enstro m  and H .K re ss e l,  
A p p l.P h y s .L e tt . 24 224(1974)
8) K .T ak ah ash i, T .M oriizum i and S .S h iro se  
J .E le ctro ch e m .S o c . 118 1639(1971)
9) M .K urihara, T.M oriizum i and K .Takahashi 
S o lid -S ta te  E le c tro n . 16 763(1973)
10) R .E .N ah ory , M .A .P o llack  and J .C .D ew in ter  
A p p l.P h y s .L e tt . 25 146(1974)
11) R .E .N ahory, M .A .P o llack  and J .C .D ew in ter  
J .A p p l.P h y s . 46 775(1975)
12) Y .N a n ish i, S .I s h id a , T.Honda, H.Yamazaki and S.Miyazawa 
Jp n .J .A p p l.P h y s . 21 L335(1982)
13) S.M iyazawa, Y . I s h i i ,  S .Is h id a  and Y .N an ish i 
A ppl. F h y s .L e t t .  43 853(1983)
14) D .L .B a r r e t t ,  S.McGuigan, H.M.Hobgood, G .W .Eldridge and 
R.N.Thomas J .C r y s t a l  Growth 70 179(1984)
15) H .Eh ren re ich  and J .P .H ir t h  
A p p l.P h y s .L e tt . 46 668(1985)
16) H .V.W inston, A .T .H unter, H .M .Olsen, R .P .B ryan  and R .E .L e e  
A p p l.P h y s .L e tt . 45 447(1984)
17) B .J .S e a ly ,  M .A .Shahid, M.Anjum, S .S . G i l l  and J.H .M arsli 
N u c l . In s t r .  and Meth. B7/8 423(1985)
- 1 5 0 -
18) K .K .P a te l ,  R.Bensalem , M .A.Shahid and B .J .S e a ly  
N u c l. In s t r .  and Meth. B7/8 418(1985)
19) O .N .Kuznetsov, L .V .L e z h e ik o , E.V.Lyubopytova and L.N .Safro no v  
Sov.Phys.Sem icond. 11 1449(1977)
20) I .M .B e ly i ,  G .A .Gum anskii, V . I .K a r a s ' ,  V.M.Lomako,
I .S .T a s h ly k o v  and V .S .T ish lco v
Sov.Phys.Sem iconduc. 9 2027(1975)
21) J .P .B ie r s a c k  and J .F .Z ie g le r
"Ion Imp Tech" Spring er s e r ie s  in  E le c tro p h y s ic s  122(1982)
22) SUSPRE (S u rrey  U n iv e r s ity  Sputter P r o f i le )  was developed by 
R.P.Webb in  the E le c t r o n ic s  and E le c t r i c a l  Eng ineering  Department, 
U n iv e rs ity  o f S u rrey , G u ild fo rd , U .K .
23) W.Mayer, L .E r ik s s o n  and A .D avies
"Ion Im plantation  in  Semiconductors" Academic P ress  (1970)
24) P.D.Townsend, J .C .K e l ly ,  N .E .W .H artley
"Ion Im p lantatio n , Sp u tte rin g  and th e ir  a p p lica t io n s"
Academic P ress (1976)
25) H .R y sse l, I.R u g e ,
"Ion Im plantation" Jhon W iley  & Sons Ltd  (1986)
26) K .Chu, W.Mayer, A .N ico le t  
"Rutherford B ack sca tte rin g  Spectrometry"
Academic P ress  (1978)
27) L .J .V a n  der Pauw, P h il ip s  R es.R epts 13 1(1958)
28) R .Baron , G .A .S h ifr im , O .j.M arsh , and J.W.Mayer 
J .A p p l.P h y s . 40 3702(1969)
29) M .G .Buehler, Stanford  Res.Rept SEL-66-064(1966)
30) R .L .P e t r i t z ,  Phys.Rev. 110 1254(1958)
31) R .L .  Rode, P h y s .S ta t .S o l. 55 687(1973)
32) T.Ambridge, C .J .A l le n ,  E le c .L e t t .  15 (1979)
33) N .G .E .Jo hansson , J.W.Mayer and O .J.M arsh  
S o lid - S t .E le c t r o n . 13 317(1970)
34) D .E .S yk es and R .T .B lu n t  
Vacuum 36 1001(1986)
35) O .C .W ells  "Scanning E le c tro n  Microscopy"
Me Graw H i l l  Company(1974)
-151-
36) R . E l l i o t  and A.Gibson "An In tro d u ctio n  to S o lid  S ta te  P h y s ics  
and i t s  a p p lica tio n s"  Tlie M acm illan P ress L t d . , Hong Kong (1974)
37) K .G . Stephens
N u c l . In s t r .  and Meth. 209/210 589(1983)
38) P .J .B u rk h a rd t and R .F .M arve l 
J .E le ctro ch e m .S o c . 116 864(1969)
39) E .D .P ie rro n , D .L .P a rk e r  and J.B .M cneely  
J .A p p l.P h y s . 38 4669 (1967)
40) Glen A .S la ck  and S .F .B artra m  
J .A p p l.P h y s . 46 89(1975)
41) J .S .H a r r i s ,  F .H .E is e n , B.W elch, J .D .H a s k e ll , R .D .P ash ley  and 
J.W .M ayer, A p p l.P h y s .L e tt . 21 601(1972)
42) J .P .D o n n e lly , W .T .L in d le y , and C .E .H u rw itz  
A p p l.P h y s .L e tt . 27 41(1975)
43) R.Bensalem , N .J .B a r r e t t  and B .J .S e a ly  
E le c t r o n ic s  L e t t .  19 112(1983)
44) B .J .S e a ly ,  M ic ro e le c tro n ics  J .  13 21(1982)
45) R .G w illia m , R.Bensalem , B .J .S e a ly  and K .G .Stephens  
P h ysica  129B 440(1985)
46) M .Zvara,
P h y s .S ta t .S o l. 36 785(1969)
47) N .J .B a r r e t t ,  J .D .G ran g e , B .J .S e a ly  and K .G .Stephens  
J .A p p l.P h y s . 56 3503(1984)
48) R.E.Whan and G.W .Arnold,
A p p l.P h y s .L e tt . 17 378(1970)
49) N.Matsunami, Y.Yamamura, Y .It ik a w a , N .Ito h , Y.Kazumata, 
S.Miyagawa, K .M orita  and R.Shimuzu
In s t it u t e  o f  plasma p h y s ic s , Nagoya U n iv e rs ity  Furo-cho, Ch ikusa-  
ku , Nagoya 464 Japan (1980)
50) R .S .N e lso n ,
P h i l .  Mag. 11 291(1965)
51) P.Sigmund,
A p p l.P h y s .L e tt . 25 169(1974)
52) W .O.Hofer,
N u c l . In s t r .  and Meth. 170 275(1980)
53) M.W.Thompson and R .S .N e lso n ,
P h il.M ag. 7 2015(1962)
-1 5 2 -
54) G .H .V ineyard ,
Rad. E f f e c t s  29 245(1976)
55) D. A.Thompson,
Rad. E f f e c t s  56 105(1981)
56) A .W .T in sley , W .A .Grant, G .C a rte r  and M.J.Nobes
Ion im p lantation  in  sem iconductors (Eds I .  Ruge and J .G r a u l) ,  
S p rin g er-V erlag  Berlin-H eidelberg-N ew  York , 199(1971)
57) E .F.R rim m el and H .P f le id e re r  
Rad. E f f e c t s ,  19 83(1973)
58) J .F a r re n  and W .J .S c a ife  T a lan ta  15 1217(1968)
59) G .C a rte r , J .N .B aruah  and W.A.Grant 
Rad. E f f e c t s  16 107(1972)
60) K .K .C h in , T . Kendelew icz, N.Newman, I .L in d a u  and W .E .S p icer  
J .V a c .S c i.T e c h n o l. B4 955(1986)
61) G .A .Antypas,
J .E lectro ch em . Soc. 117 1393(1970)
62) G .B .S tr in g fe llo w  and P .E .G reene  
J .P h ys.C h em .So lid s  30 1779(1969)
63) S.McGuigan, R.N.Thomas, D .L .B a r r e t t , G .W .E ld rid g e, R.L.Messhara 
and B.W.Swanson
J .C r y s t a l  Growth 76 217(1986)
64) H.Kim ura, C .B .A fa b le , H .M .Olson, A .T.H unter and H.V.W inston  
J .C r y s t a l  Growth 70 185(1984)
65) H .F .W in te rs ,
J .A p p l.P h y s , 43 4809(1972)
66) N .G .S to f fe l, M.Turowski and G.Margaritondo  
F h y s .re v . 30 3294(1984)
67) J .S .W illia m s  and M.W.Austin 
A p p l.P h y s .L e tt . 36 994(1980)
68) J .S .W illia m s  and M.W.Austin  
N u c l. In s t r .  and Meth. 168 307(1980)
69) Chu Te Chang, S.U.Campisano and A .Trovato  
Rad, E f f e c t s  l e t t s .  76 131(1983)
70) L .C se p re g i, E .F .K enned y, J.W.Mayer and T.W.Sigmon 
J .A p p l.P h y s . 49 3906(1978)
-1 5 3 -
71) H .C .C asey and M .B .Panish  
"H etero structure  Lase r"  p art B 
Academic P ress  1978
72) D .T .J .H u r le ,
J .P h ys.C h em .So lid s 40 613(1979)
73) C.W .W hite, S .R .W ilso n , B .R .Appleton and F.W.Young 
J .A p p l.P h y s . 51 738(1980)
74) J.N arayan  and O.W .Holland,
E ls e v ie r  Science  P u b lish in g  Company 117(1982)
75) J .S .W ill ia m s ,
M at.Res.Soc.Sym p.proc. 13 621(1983)
76) J .R .S h e a ly  and S .R .C h in n  
A ppl. Phys. L e t t . 47 410(1985)
77) J .R .S h e a ly , K.Kavanagh and P .M .Enqu ist,
G allium  Arsenide and R e lated  Compounds 251(1986)
78) Don L .K e n d a ll,
A p p l.P h y s .L e tt . 4 67(1964)
79) H .B .H arriso n  and J .S .W ill ia m s ,
in  "Laser and E le c tro n  Beam P ro cessing  o f M a te ria ls"  (Ed s. 
C.W.White and P .S .P e re rc y )  Academic P re ss , New York 481(1980)
80) P .K .Vasudev, R .G .W ilson  and C .A .Evans J r .
A p p l.P h y s .L e tt . 37 308(1980)
81) G .J.V an  Gurp, A.H.Van Ommen, P .R .Boudew ijn, D .P.Oosthoek and 
M. F . C . W illemsen
J .A p p l.P h y s . 55 338(1984)
82) P .B lood , W.L.Brown and G .L ,M il le r  
J .A p p l.P h y s . 50 173(1979)
83) N .J .B a r r e t t ,  J .D .G ran g e , B .J .S e a ly  and K.G .Stephens  
J .A p p l.P h y s . 57 5470(1985)
84) R .G .E llim a n , J .S .W ill ia m s , W.L.Brown, A .L e ib e r ic h , D.M.Maher 
and R .V .K n o e ll,
N u c l . In s t r .  and Meth. B19/20 435(1987)
85) M.Anjum, M .A.Shahid, S . S . G i l l ,  B .J .S e a ly  and J.H .M arsh  
M at.Res.Soc.Sym p.proc. 27 317(1984)
86) B .J .S e a ly ,
In te rn a t io n a l M ate ria l Reviews 33 38(1988)
87) J .S .W illia m s  and K .T .S h o rt
E ls e v ie r  Science  P u b lish in g  Company 109(1982)
- 1 5 4 -
88) K.Gamo, T .In a d a , J.W .Mayer, F .H .E ise n  and C.G.Rhodes 
Rad. e f fe c t s  33 85(1977)
89) C .L ico p p e , Y .I .N is s im  and C.M eriadec
M ateria l Research S o c ie ty  P ittsb u rg h , PA, 52 369(1986)
90) C .L ico p p e , Y .I .N is s im  and C.M eriadec 
J .A p p l.P h y s . 58 3094(1985)
91) D.H.Auston, J.A .G olovchenko, P .R .Sm ith , C.M.Surko and 
T . N. C . Venkatesan,
A p p l.P h y s .L e tt . 33 539(1978)
92) L .C se p re g i, J.W .Mayer, T.W.Sigmon 
P h y s .L e tt . 54A 157(1975)
93) H .N ish i, T .S a k u ra i and T .Furuya  
J .E le ctro ch e m .S o c . 125 461(1978)
94) J .D in g , J.W ashburn, T .Sands and V.G.Keram idas 
A p p l.P h y s .L e tt . 49 818(1986)
95) J .C .S o a re s , G .G rubel, C .Jey n es , B .J .S e a ly , M .F .D aS ilva  and 
A.A.Melo
E-MRS Meeting XV 595(1987)
96) T .In a d a , K.Miyamoto and M .Kitahara  
N u c l. In s t r .  and Meth. B19/20 413(1987)
97) T.Ambridge, R.Heckingbottom, E .C .B e l l ,  B .J .S e a ly ,  K .G .Stephens 
and R .K .S u rrid g e
E le c .L e t t .  11 314(1975)
98) M.Missous and K .E .S in g e r ,
G allium  A rsenide and R elated  Compounds 123(1986)
99) V .R ak o v ics , R .F o m a r i,  C .P a o r ic i ,  L .Z a n o tt i and C.Mucchino, 
Acta P hysica  Hungarica 61 255(1987)
100) L .A .C h r is t e l  and J .F .G ib b o n s  
J .A p p l.P h y s . 52 5050(1981)
101) B .J .S e a ly  INSPEC EMIS Data Reviewers s e r ie s ,  2(1986)
- 1 5 5 -  
,.inTTl, n t  © i.k i ir l
